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MOVEMENT OP OllOANJC MATERIALS IN PLANTS 
A L I) E N 8 . Crafts 
(with four plates and three figures) 

Introduction 

Many theories liave been proposed to explain the movement of foods in 
the plant but few of them seem sound when critically examined. Most of 
th(‘se tlieories fail to describe a mechanism cajiable of conducting the re- 
quired amounts of matei*ial through the available cliannels with the neces- 
sary rapidity. Such a mechanism must exist and it must be compatible 
with the form and structure of the plant in which it serves. 

The first theories on organic transport (42, 27, 39) were based upon 
ringing experiments but tlie interpretations of these experiments were so 
infliuniced by animal physiology as to render the theories untenable. 
IlARTKi (29) first described pliloem tissues and recognized their relation to 
food conduction. He proposed protoplasmic streaming (30) as an acceler- 
ating mechanism in tlie distribution of these materials and he also observed 
exudation from the ])hloem (31). 

h\)llowing IIarticj a controversy as to which tissues functioned in con- 
duction (28, 49, 58, 32) occupied the attention of investigators. Nagelt 
(49) suggested changing turgidity as a cause for movement along sieve- 
tubes and DE Vries (17) elaborated the protoplasmic streaming theory, 
supporting his hypothesis witli some microscopical studios. 

Za(UTAR1as (67) and Kraus (41) contributed data on the composition 
of the exudate from the cut phloem of cucurbits, their analyses indicating 
a high (‘ontent of food materials. Little work has been done on phloem 
exudates since that time and the idea, developed by early botanists, that 
this material flowed from cut sieve-tubes (25, 26) has apparentlj" never 
been contested. The anatomical studies of Hill (33, 34) and his prede- 
cessors (65, 34) and the physiological and morphological investigations of 
Rithland (67) and Schmidt (60) seem to justify a reasonable doubt as to 
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file function of the sieve-tube in conduction. If pores actually exist in the 
protoplasmic connections of these elements their extreme fineness makes 
(piestionable the importance of mass flow. 

Kinging has survived as the principal method for studying* transloca- 
tion ( 16 , 37 , 44 ) though at best it can only hint as to the meclianisin in- 
volved. The experiments of Czapek ( 15 ), Curtts ( 11 , 12 , 13 ), and 
Mason and Maskell ( 46 , 47 , 55 ) are typical of this method and they indi- 
cate quite conclusively that downward movement of organic materials takes 
place through the bark. The experiments of Mason and Maskell show 
that concentration gradients exist in the phloem and that they are more or 
less related to the rate and direction of movement. 

Bnu’H-IIiRS(UiPELD ( 4 ) carried out a number of ex])eriments attempt- 
ing to demonstrate conduction of lithium and dyes through plant tissues. 
Finding movement through the phloem to be very slow she proposed that 
downward conduction occurs in the xyleni. Dixon ( 21 ), and Dixon and 
Ball ( 20 , 22 ) have emphasized the inadequacy of sieve-tubes as conduct- 
ing elements and have further elaborated the mechanism [)roposed by 
BiKni-HiRscuFELi). Although their calculations in no way prove the im- 
possibility of mass mov(‘ment through the phloem, they show the necessity 
for mathematical analysis oF the i^roblem and suggest a method for 
measuring the fitnesft of any hypothesis. 

Fpktis, finding that ringing interferes with the upward movement of 
nitrogen as well as with the downward movement of oi’ganic mat(‘rials. 
advocates the protoplasmic streaming hypothesis as ])i-oviding for mov(*- 
ment in both directions through the same tissue at the saim* tim(\ Pie giv(‘s 
no calculations as to the rates at which foods are moving but considers 
acceleration due to streaming to be rapid enough to account for growth and 
storage. In a late paper ( 14 ) he emphasizes the im})ortance of living cells 
in this mechanism. 

Other theories have appeared from time to time ( 26 , 43 , 38 ) but th(» 
one proposed by Milnc’II ( 48 ) is of the greatest significance in relation to 
the present work. He described a physical system composed of t\\(^ 
osmometer cells containing solutions of differimt concentrations connected 
by a tube. When this apparatus was placed in ])ure Avater a Jiiass flow look 
place resulting in a transfer of solute from the cell of higher concentration 
to the one of lower concentration. He applied this system to the plant 
assuming that photosynthesis maintains a conciuitration difference between 
assimilating cells and storage or ineristematic tissues, the sieve-tubes acting 
as the connecting elements. He described experiments in wliich exudatiem 
from the cambium and excess growth resulted from interrui)tion of the 
descending sap stream, (hitting th(‘ phloem caused a veiy raj)id decrease 
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in exudation pressure, especially below the cut. This decrease in pressure 
was transmitted downward at a rate of ten centimeters per second for as 
far as six meters. MiiNon calculated the rate of flow necessary to account 
for certain known increases in dry Aveipfht of trees, and estimated that 
about two and one half per cent, of the total water used by the tree circu- 
lates throuj?h the phloem system. He suggested that transfer of assimilate 
fi'om leaf parenchyma to sieve-tubes takes place along the plasmodesma 
assuming that the property of selective permeability is confined to the outer 
layer of the protoplast. 

Existing theories 

The most prominent theories concerning food conduction in plants as 
described in the literature may be classified under two heads: (1) those 
favoring movement through the xylem and (2) those advocating the phloem 
as the channel. 

(1) The first of these, as developed by Dixox and Ball, pro])Oses that 
a solution of organic nutrients having passed from s^’nthesizing cells of the 
leaf due to increased pei*meability will be drawn down through the xylem 
tubes by the water columns in tension and will be absorbed at lower levels 
by living cells and distributed laterally throughout the stem or root. 

There are several serious objections to this mechanism based upon well 
known or easily demonstrated anatomical facts. In the first place the ojien 
junction through which the downward moving xylem sap fiows to join the 
ascending transi)iration cuiTcnt must be located at a considerable distance 
below the point of entry of the organic materials; in fact, for the nutrition 
of the root tip it must occur at the extreme lower end of th(‘ two tiib(‘s con- 
c(M*ned. This is not the case in the normal plant. A series of experinumts 
on the movement of dyes in leaA^es has shown that water movement may 
take ])lace in any diret*tion indicating that the xylem system forms an inter- 
eonn(‘ct(Hl network of tubes in which movement is determined by pressure 
gi*adients wliicli depend upon size of ()})enings and rate of water loss. It 
seems therefore that if any particular portion of a leaf became permeable, 
allowing a flow of solution from the mesophyll cells into the xylem, it is 
im])robable tliat this solution would move out of the leaf. 

That a similar system, though not so closely connected, exists through- 
out the plant may be shown by cutting petioles and stems under eosin. The 
solution will flow backward until it meets a junction with another portion 
of the plant and will then join the ascending stream and finally arrive at 
a transpiring surface. The only way in which the underground ])orlion 
of plants could be injected was by allowing the plants to absorb eosin until 
the transpiring surfaces were all killed, whereupon a complete reversal of 
flow set in, caused by a water deficit developed in those roots which were 
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surrounded by dry soil. In no ease did the eosin solution move out into 
the root tips. In fact, in Convolvulus arvensis, upon which many of these 
experiments were made, it is impossible to explain the nutrition of the root 
tip on the basis of movement through the xylem because the radially 
arranged primary xjdem strands remain isolated (66) from the secondary 
xylem by unlignified living parenchyma cells. In this case the descending 
stream of nutrient sap could not approach within several centimeters of 
the rapidly growing tips of main roots without crossing the barrier of liv- 
ing cells. ]t is difficult to see how it could do this if moved by tension 
resulting from transpiration. The roots of many woody plants are known 
to grow when tlie parts above ground are leafless and dormant. A mech- 
anism dependent upon tension cannot explain nutrition of their growing 
points. A consideration of the structure of woody tissues lends further 
weight to this argument. It is a well known fact that lignified cell walls 
are permeable to water and dissolved substances though fairly resistant to 
rapid lateral movement ( 65 , 23 ) so that any imbibition deficit ( 61 ) which 
existed in one portion of the xylem would be transmitted to the surround- 
ing tissues. Then since pressure acts in all directions equally a pressure 
gradient in the longitudinal direction would also exist laterally, so that a 
solution flowing downward due to increased pressure in an individual ves- 
sel or chain of tracheids would also tend to spread to surrounding elements 
either through the wall or through pits ( 2 ). In tall trees, therefore, where 
the lowest leaves may be from 50 to 100 meters from root tips it seems 
highly improbable that longitudinal movement thi*ough the xylem could 
supply organic nutrients to the roots in view of the constant loss from the 
descending stream by lateral movement. The data presented by (Atrtis, 
Mason and Maskell and others make the xylem theory even more unten- 
able; their experiments provide convincing evidence for the longitudinal 
transfer of carbohydrates through the bark. 

(2) Of those theories which favor the phloem as the channel for trans- 
l^ort, some consider the movement from cell to cell by a process similar to 
diffusion and possibly accelerated by protoplasmic streaming as the best 
explanation, others favor a mass flow through the sieve-tubes. The first of 
these tlieories is open to serious objection. The parenchyma and com- 
panion cells of the x)hloem are typical living cells with semipermeable pro- 
toplasts and are relatively impermeable to sugars. Ruhland (57) found 
that he could plasmolyse these cells with hypertonic solutions of sucrose, 
fructose and glucose and that recovery was slight even after 24 hours. The 
same results were obtained with cucurbit tissues in the present work. 
Longitudinal sections of phloem tissue were allowed to absorb neutral red 
for a few minutes and then mounted in hypertonic sucrose solution. The 
cells were rapidly plasmolysed and sliowed no recovery after several hours. 
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These results indicate that if sugar were moving through the phloem the 
protoplasts of these cells would offer considerable resistance. It is doubt- 
ful if the acceleration due to protoplasmic streaming could account for the 
rates of movement which have been calculated as necessary. In the first 
place streaming has not been demonstrated to be universal in its occurrence 
in tliese tissues. BiRcn-HiRSciiPELD (4) found no evidence that it acceler- 
ated movement in her experiments, and Bierberg (3) found acceleration 
to be only from 3 to 4 times that of normal diffusion. Dixon (21) calcu- 
lated that a 10 per cent, sucrose solution wwld have to move 50 cm. per 
hour in order to account for the observed translocation into potato tubers. 
Bircui-IIirsciifeijD (4) made similar calculations and Mason and Lewin 
(46) calculated a rate of 88 cm. per hour for a 25 per cent, solution through 
the sieve-tubes of the greater yam. If this w^re moving through the paren- 
chyma cells, the rate could be reduced to about 34 cm. per hour for a 25 
per (*(»nt. solution or 88 cm. for a 10 per cent, solution. De Vries (17) 
observed a rate of streaming of from 0.2 to 0.4 mm. per minute in phloem 
cells. Ewart (24) records rates up to 3 mm. per minute in water plants 
and in tlie present work a maximum rate of 2 mm. per minute was observed 
in pldoein parenchyma cells of cucurbit stems. The maximum rate of 3 
mm. per minute would be 18 cm. per hour which would not suffice even if 
the streaming cell constituted a jierfect machine, and if the diffusion in 
and out through the cell wall and ectojdasm were neglected. Curtis (13) 
sees little difficulty in this diffusion across end walls, terming them “occa- 
sional membranes^’; but since these cells range from 0.5 mm. to 0.2 mm. or 
less ill length the number traversed must necessarily be 20 or more per 
centhmder. 

Jf the time required for recovery from plasmolysis in hypertonic sugar 
solutions is a satisfactory indication of the permeability of the protoplasmic 
layer for sugar molecules, then it must be granted that diffusion through 
the ectoplasm into the streaming inner layers at one end of the cell, and 
the subseipient movement out at the other end would be a very slow process. 
This hindrance, in addition to the time required for diffusion through the 
walls, would undoubtedly reduce the average rate to one incommensurate 
with that mentioned by Dixon. Finally, an estimate of the percentage of 
the total cross-sectional area of the phloem actually occupied at any one 
time by sugar moving in the proper direction, suggests that a concentration 
factor of serious magnitude is involved. 

Considering next the possibility of a mass flow through the sieve-tubes 
we find that the narrowness of the pores through the sieve-plates constitutes 
a serious difficulty. This objection was apparently neglected by Nageli 
(49), Sachs (68), Czapek (16), and other early workers. Ewart (24) 
calculates that half an atmosphere would be sufficient to produce a mass 
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movement of 5 mm. per minute through the 2000 sieve-plates, each having 
pores 2 (j in diameter and 10 in length, which he finds in 50 cm. of stem. 

It is hard to harmonize this calculation with one which has been made 
in this work. Jt has long been known that cucurbit stems when cut will 
exude measurable quantities of a clear watery sap from the phloem tissues. 
The writer watched this exudation by means of a dissecting binocular 
microscope giving a magnification of 150 times and it is apparently confined 
to the phloem with the exception of a small amount arising from the 
chlorenchyma sheath which surrounds the stem near the outside. The 
xylem sap was under tension at the time that these observations were made 
so that the phloem exudate was drawn into the vessels until they became 
blocked by the jell which is formed upon contact of this exudate with 
the air. 

In this experiment collections were made of the sap from 20 cut stems, 
the sap being removed to small test tubes by means of a pipette from the 
larger stems and b}^ shaking directly into the tubes in the case of the smaller 
ones. Collections were made over periods of one and two minutes, the 
tubes corked and taken to the laboratory wliere the corks were removed and 
the weights determined, by difference, on an analytical balance. The tubes 
were then placed in an 80^^ oven equipped with a fan and thoroughly dried 
and reweighed to obtain dry weights. Immediately following collection 
portions of each stem were sectioned, projected on paper and the areas of 
phloem obtained at a given magnification. By higher magnification of 
phloem groups, areas of sieve-tubes were obtained. Individual sieve-plates 
were outlined, the pores were counted by means of camera lucida drawings 
and their areas measured from photomicrographs (plate II). 

Knowing the volume delivered through a measured cross sectional area 
in a given time it is possible to calculate by Poiseuille^s formula the pressure 
gradient required. The calculations will be found in a later section; it 
suffices here to give the value obtained, 20 atmospheres per meter iji order 
to emphasize the lack of agreement with Ewakt’s figures. There is serious 
divergence between these two sets of data. If the seive-tube elements in 
Ewart^s stems were around 0.25 mm. in length as they were in these then 
there should be 2000 sieve-plates per s'ieve4uhe in 50 cm. of stem. On the 
other hand, if his rate was 5 mm. per minute through the total phloem (it 
was almost double that in this case) it would have been about 150 times 
that or 75 cm. per minute through the porea. If any of the rates calculated 
by Bircii-Hirschfeli), Dixon, Mason, or Mimcii are multiplied by a factor 
which will convert them to rates through the sieve-pores and the pressures 
required to produce those rates calculated, the objections raised to this type 
of conduction will be obvious. 
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Granting that these criticisms are valid tliere remains to be found a 
mechanism capable of transporting the quantities of material which must 
move in order to provide for storage, growth, and other life processes. 

The proposed mechanism 

The fact that carbohydrates are synthesized in the leaves of the higher 
plant and that utilization of these materials takes place throughout the 
plant at points more or less remote from that of synthesis suggests that a 
maintained concentration gradient of osmotically active solutes may exist 
between the points of synthesis and utilization. The exudation system 
proposed by Pfeffer and diagramed by Blackman (6) (fig. 1) also 



Fig. 1. Exudation system, after Pfeffer and Blackman. 


depends upon a maintained concentration gradient, and the continuous 
dilution and transport of solute in this system indicated the possibility 
that such a mechanism may take part in the transport of sugars within 
the plant. 

As ]3la(^kman explains this mechanism, the arm A is filled with a con- 
centrated sugar solution, arm B contains a less concentrated sugar solution, 
and the connecting tube C is occupied by water. A and B are closed at 
their lower ends by semipermeable membranes which are bathed on the 
outside by pure water. Intake of Avater at A develops a hydrostatic pres- 
sure tliroughout the closed system AAhich is greater than the maximum 
osmotic pressure of the solution in arm B and consequently a flow of water 
into A, along the tube and out of B, takes place, carrying wuth it sugar 
from A and accumulating it at B. To maintain flow through this system 
the concentration at A must be maintained higher than that at B by sui)- 
plying sugar to A and removing it from B. The essential point for the 
present purpose is that this arrangement provides a mechanism for move- 
ment of solute by osmotic action from end to end of an open conduit 
requiring semipermeable membranes only at the tAvo ends. 
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Munch applies such a system to the plant comparing A to the assimilat- 
ing leaf cell, B to the growing or storing cell in the stem or root, and the 
connecting tube 0 to the sieve-tube. He pictures the movement of sugar 
from the leaf cells to sieve-tubes and from the latter to the cambium as 
taking place along plasmodesma, avoiding the plasma membrane, which 
part of the protoplast he considers impermeable to this material. In his 
diagram of this system in the plant (fig. 2) he assumes that sugar Z formed 



Fig. 2 . System proposed by Mitnch, for transfer of sugnr. 

in the leaf cell B from COg and water attracts water osmotically from the 
xylem T, the turj^or increasing until sugar solution is forced out along the 
plasmodesma finally entering the sieve-tube S where most of the longitu- 
dinal transfer takes place. From here it travels by way of plasmodesma 
into the cambium where it is utilized in growth and loses its osmotic 
activity. The accompanying water which remains is forced into the xylem 
and reenters the transpiration current which is being drawn in through the 
roots. Sieve-tubes in the roots due to their sugar content absorb water 
osmotically from the soil through the intervening cells and by the same 
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utilization in the cambium an exudation into the xylem takes place and root 
pressure is produced. 

There can be no doubt that the osmotic system proposed by these men 
would function in the translocation of solutes in the plant if all of the 
necessary conditions exist. The most obvious criticism of Munches propo- 
sition is tlie objection to conduction through the sieve-tube, which was raised 
in the previous section. The limitation of organic transport to plasmo- 
desma and sieve-pores would lower the rates to values incompatible with 
those calculated as necessary by Dixon and others. 

The meclianism proposed in the present paper is similar to that of 
Mitncii except that in place of the sieve-tube with its lining of protoplasm, 
tlie total phloem, limited by the cambium or similar semi-permeable layers, 
is suggested as the channel for longitudinal movement. 

In the diagram (fig. 3) L^, and Lg are leaf cells. X represents the 



Fig. ?>. System jn’oposed to account for translocation of sugar in the phloem. 

Water conducting elements of the xylem, C the cambium, P the phloem, S 
the external limiting layer and Rj, R.j and root cells. The solid arrows 
represent the moving transpiration water, the broken ones the flow of sugar 
solution. The amount of stippling* indicates the concentration of sugar at 
diftVrent levels. 

The way in which sugar is delivered into the phloem is not being con- 
sidered in this paper, but certain facts concerning this process cannot be 
disputed. Of the sugar synthesized in the leaf a major portion passes to 



10 


PLANT PHYSIOLOGY 


the vascular strands and is eventually transported to remote parts of the 
plant. MtlNCH has pointed out that because of the volume relationships 
of the leaf a movement of only 2 p to 3 p per hour is required to account 
for the passage of sugar from leaf cells to vascular tissue while much higher 
rates occur in the more constricted petiole and stem. Since the intercellular 
spaces in the leaf do not become injected with solution, or filled wuth 
crystalline solids, it seems reasonable to assume that passage takes place 
from cell to cell and that sugar solution is delivered to the phloem under 
pressure. Here, because of absorption by living cells of the phloem, cortex, 
and cambium and a certain loss along the rays into the w^ood parenchyma, 
the concentration is gradually diminished. Water remaining after utiliza- 
tion or storage of the carbohydrates and vacuolation of new^ly formed cells 
is forced into the xylem and a mass flow^ in the direction of lowering con- 
centration results. A dynamic equilibrium is sot up across the cambium, 
the relative pressure in the phloem as compared with the xylem being 
determined by the concentration of solutes, and the absolute pressure by 
the availability of w’ater. 

In examining the plant for evidence of such a mechanism, the presence 
of exudation pressure in the phloem is quite significant. When the stem 
of an active plant is dissected sap will be seen to flow from the phloem, 
while a subatmosplieric pressure is found in the xylem if transpiration is 
taking place. The ehlorenchyma may also exhibit a sliglit exuclatio]) but 
the pith and cortex have no tendency to lose sap. Intercellular s))aces in 
these latter tissues are air-filled and quite prominent; but in the phloem 
they are lacking, or if present they are filled wdth solution. The cambium 
or a layer of small densely filled cells separates ])hloem and xylem, and 
across this layer a pressure gradient of several atmospheres often exists. 
On its outer side the phloem is limited by a starch sheath, endodermis, cork 
cambium or a layer of disintegrating phloem having air-filled intercellular 
spaces. These layers by virtue of active j)rotoplasts, and either differences 
in degree of condensation of* cell wall material, or limited available' wall 
area, are able to confine the phloem sap and prevent its loss under pressure. 

The pressure gradient between the phloem and xylem may be exi)lained 
on the basis of knowm concentrations in these tw^o tissues, the cambium 
acting as a layer of pure i)rotoplasm exhibiting its characteristic property 
of semipermeability. Kkaus (41) found the sap exuded from the phloem 
of cucurbit fruits to contain an average of 8.7 per cent, of solids (as calcu- 
lated from 17 determinations) of which as high as two-thirds might be 
sugar. In the present w^ork one set of twenty-one collections from cucurbit 
stems gave an average dry weight percentage of 8.9, another set of tw'enty 
collections taken later in the season averaged 9.8 per cent, dry weight. 
Munch found the concentration of water soluble materials in the sap 
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exuded from the bark of several species of trees to ran«?e from 14 to 31 per 
cent. Concentrations of xylem sap as determined by Dixon and Atkins 
( 19 ) and others are always much lower than this at the time when assimila- 
tion and downward translocation are occurring. On the other hand, 
Dixon ( 18 ) osmotic pressure determinations on leaves indicate concen- 
trations as high as one molal. Thirty-one determinations gave an average 
value of 14.5 atmospheres or roughly two-thirds molal in terms of sugar. 
Ruiiland (67) found a concentration in palisade cells isotonic with 0.8 
molal sucrose. Data collected in this laboratory on the sap expressed from 
pear leaves indicate concentrations approaching one molal of undissociated 
solute. Hexose solutions of this range of concentrations would contain 
from 10 to 15 per cent, solute and each gram of sugar would be associated 
with from 6 to 10 cc. of w^ater occupying corresponding volumes in the leaf. 
When this amount of sugar has been condensed to starch or cellulose it 
occui)ies about 0.63 cc. the associated water having been almost entirely lost. 
It seems reasonable to assume, therefore, that the mechanism diagramed in 
figure 3 actually occurs in the j>lant, longitudinal movement taking place 
tlirougli the phloem. 

(Considering now the flow of solution within this tissue there appear to 
be four possible channels through which the substances may pass. These 
are (1) tlie lumina of the sieve-tubes, (2) the parenchyma cells, lumina and 
end walls included, (3) the walls of part or all of the phloem cells, and 
(4) intercellular spaces. There is no reason for assuming that all of the 
movenuuit need be confined to any of tliese cliannels since the pressure 
gradient res])onsible for movement may exist tliroughout the space confined 
by the semipermeable limiting layers. The comparative importance of tlie 
different (diannels, therefore, depends primarily upon their relative resis- 
tance to mass flow of sugar solution and upon this basis it seems reasonable 
to conclude that the first two mentioned channels take little part in actual 
traiisj)ort. In addition to the objections raised in the previous section, the 
movement of sugar into and out of the living cell with sufficient rapidity 
is a serious iiroblem. Plasmolysis ( 57 ) and absorption ( 36 , 36 ) experi- 
ments indicate that absorption of sugar by living cells is a slow process. 
Loss of sugar from healthy cells seems to be even more difficult to explain 
( 36 , 64 ). In the photosyiithesizing cell we have an exception to this rule 
since a source of sugar is present within the protoplasm but Ruiiland V 
results and those obtained in this work indicate that phloem cells are not 
an exception. 

Intercellular spaces were few in the plants studied but where present 
they constitute open channels for passage. Old sieve-tubes which have 
lost their })rotoplasmic linings may also conduct but they are seldom found 
in active phloem. There remains the possibility that mass flow may take 
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place along the phloem walls. Evidence suggesting that this is the case 
will be presented in the following section. 

Experimental results and calculations on the rates of movement 
of materials in the phloem 

Evidence in support of tlie proposed type of mechanism for translocation 
of organic nutrients in the plant should include data on the nature of the 
I)hloem walls and a determination of their capacity to conduct. The most 
obvious objection to this mechanism is that phloem walls are too thin, 
occupying too small a proportion of the total volume. This impression 
may be the result of studying dehydrated mounted sections of phloem 
(plate Illb). The drawings of Fisher ( 26 ) and Hill ( 33 , 34 ) and the 
illustrations used in this work (plates Ilia, IVb and Va) show that phloem 
walls are relatively thick in their natural condition. Their loss of volume 
upon drying (plates IVa and Vb) indicates a high water content. 

The readiness with which molecules of sugars, electrolytes and certain 
vital stains diffuse through cellulose walls demonstrates their high per- 
meability as compared with that of the protoplasmic membranes which they 
enclose. Experiments by liuHLAND ( 67 ) and others indicate that phloem 
walls are no exception to this rule. Priestley ( 56 ) finds phloem walls to 
be of ‘^amyloid*’ nature and free of fats. He emphasizes the relation of 
cell walls to the conduction of nutrients in the nutrition of the growing 
point. Results of the present work give additional information on tliis 
subject. 

The stolon of a potato weighing 210.3 grams was sectioned, the sections 
mounted in tap water (plate Ilia) and ten fields, chosen at random 
throughout the phloem, were drawn by means of the camera lucida. Simi- 
lar sections were stained in safranin in 50 per cent, alcohol, dehydrated, 
mounted in balsam (plate ITJb) and drawn in the same way. Other sections 
(plate IVa) were treated on a slide with 95 per cent, alcohol to kill them, 
a cover glass clamped over them to keep them flat, and dried first in a oO'^ 
oven and then in an 80° oven. The drawings from these three sets of slides 
were cut out and weighed and the wall area calculated as percentage of 
the total area. Representative fields are shown in plates Ilia, Illb, and IVa. 

These figures showing the shrinkage in only two dimensions indicate a 
water content constituting at least 50 per cent, of the wall volume. An 
observed longitudinal shrinkage of 15 per cent, and the possibility that an 
open structure with air spaces exists in the dry walls allow for an even 
greater water content. 

In order to study the rate of movement of organic materials through 
this stolon and the magnitude of pressure gradients, projections were made 
of transverse sections at a magnification of 200x and the areas calculated. 
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TABLE I 

Walls of the phloem of potato stolon expressed as percentage of iwal cross- 

section or THE PHLOEM 


Field 

Fresh 

Dehydrated in 

ALCOHOL 

Air dried 


percent. 

per cent. 

per cent. 

1 

40.5 1 

25.7 

16.6 

2 

37.0 

24.3 

18.6 

3 

36.5 

25.8 

18.4 

4 

37.3 

21.7 

18.9 

5 

36.4 

30.5 

17.7 

6 

33.9 

28.0 

18.6 

7 

39.1 

26.5 

18.8 

8 

36.6 

23.1 

20.8 

9 

37.1 

23.8 

16.4 

10 

33.3 

28.9 

19.9 

Average 

36.8 ± 0.44 

25.8 ± 0.55 

18.5 ±L 0.32 


If the data given by C. F. Clark (United States Department of Agri- 
culture Bulletin 958) on the rate of development of tubers are plotted, a 
daily increment of fresh weight of 5 grams per day will be found during 
the period of optimum growth. The data given by C. H. Jones and B. 0. 
White (The Report of the Chemists in the 13th Annual Report of the 
Vermont Experiment Station, 1899-1900) indicate that mature potatoes 
have a dry weight of 18 to 20 per cent. Tlie 210.3 gram tuber in this 
experiment had a dry weight of 16.7 per cent. Multiplying the 5-gram 
increment by 0.20 we find a 1-gram daily increment in dry weight and if 
we accept Jones and White’s analyses approximately 80 per cent, of this 

TABLE II 

Areas of measured potato stolon 



mm.‘ 

mm.' 

Cortex 

2.49 


External phloem 

1.16 

1.16 

Xylem 

2.74 


Internal phloem 

0.27 

0.27 

Pith 

0.39 


Total 

7.05 

1.43 1 
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is carbohydrate a daily increment of 0.8 gram of carbohydrate. 

Expressing this as a 10 per cent, solution gives us 7.2 cc. per day through 
1.43 sq. mm. or 7.2^0.0143 = 503.5 cm. per day linear rate of flow, or 
503.5 “ 24 = 21 cm. per hour through the phloem, and 21 0.368 = 57 cm. 
per hour through the walls. This rate of flow through the walls is about 
the same as that calculated by Dixon for flow through the total phloem. 
Since no information is given as to how he treated the section of stolon 
which he measured, the lack of agreement cannot be explained. Rapid 
dehydration of sections often leads to a disproportionate shrinkage of the 
phloem area compared with the remainder of the section. Substituting 
this value in Poiseuille's formula as given by Stamm (63) we obtain a 
value for the pressure gradient required to deliver the solution through 
the walls at the rate required. 


P = pressure in dynes per cm.*^ 

R = rate of flow in cc. per sec. 
n = viscosity of a 10 per cent, solution of siier(;se. 

I = length of gradient or tube in cm. 
r = radius of conducting element in cm. 

To use linear rate R^ we substitute for P, P. x area A ; P = 8 the 

formula becoming P = Z?, in this case 57 -r 3000 = ().()], )8 cm. i)er 


sec. ; n = 0.015 ; Z = 1. 

Jtr* = 1.43 X 10-“ X 0.3G8 = 0.00527 
r“ = 0.00168 cm.“ 


cni.- 


P = 8x 


0.0158 X 0.015 
0.00168 


X 1 = 1.13 dynes per cm., 0.00115 g. per cm. or 


1.1 X 10-® atmospheres ])er centimeter. 

This is the pressure gradient required to deliver tlie solution tlirough the 
total wall area if it acted as a single pore. This value would be four times 
as great or 4.5 x lO-” atmospheres per centimeter if only the space occupied 
by water of hydration were available. There might reasonably be expected 
a pressure fall of 4 atmospheres in the average stolon 5 cm. in length. This 
would be 0.8 atmo.spliere per centimeter and 0.8 1.1 x lO '’ = 7.15 k 10 ' the 

factor representing the possible difference in resistance betw<-en the walls 
acting as a single open pore and acting as they exist in the plant. 

The surface presented by the cellulose molecules and the included cells 
is an unknown quantity in this calculation and the resistance offered can 
only be roughly estimated as by the calculation just presented. 

In the next experiment twenty collections of sap were made from as 
many cucurbit stems, as previously described (page 6), The results are 
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TABLE III 

Weight of sap, phloem area and rate op longitudinal sap flow in cucurbit stems 



1 

Time 

Sap 

Dry as 
percen- 
tage OF 

FRESH 

WT. 

Phloem 

area 

8ap per 

END PER 

MINUTE 

Linear 

RATE OP 

FLOW 

PER 

MINTTTE 

8tem 

Ends 

Fresh 

WT. 

Dry wt. 

no. 

no. 

min. 

gm. 

(jm. 

per cent. 

cm.^ 

cc. 

cm. 

1 

1 

2 

0.0443 

0.0041 

9.2 

0.144 

0.0221 

0.15 

2 

1 

2 

0.0592 

0.0035 

5.9 

0.133 

0.0296 

0.22 

3 

1 

1 

0.1040 

0.0111 

10.7 

0.064 

0.1040 

1.62 

4 

1 

1 

0.0409 

0.0039 

9.5 

0.064 

0.0409 

0.64 

5 

2 

1 

0.1360 

0.0118 

8.7 

0.100 

0.0680 

0.68 

6 

2 

1 

0.1328 

0.0149 

11.2 

0.087 

0.0664 

0.76 

7 i 

1 

1 

0,1478 

0.0139 

9.4 

0.181 

0.1478 

0.82 

8 ! 

o 

1 

0.1517 

0.0172 

11.3 

0.088 

0.07.59 1 

[ 0.86 

9 

1 

1 

0.0414 

0.0046 

11.1 

0.075 

0.0414 i 

0.55 

10 

1 

1 

0.0584 

0.0053 

9.1 

0.033 

0.1168 

3.54 

11 ' 

1 

1 

0.0182 

0.0021 

11.5 

0.017 

0.0182 

1.07 

12 

1 

1 

0.031 7 

0.0036 

11.3 

0.024 

0.0317 

1.32 

13 1 

1 

1 

0.0313 

1 0.0041 

13.1 

0.029 

0.0313 

1.08 

14 

1 

1 

0.0264 

0.0027 

10.2 

0.015 

0.0264 

1.76 

1 5 

1 

1 

0.0353 

0.0029 

8.2 

0.041 

0.0353 

0.86 

10 , 

1 

1 

0.0838 

0.0080 

9.5 

0.105 

0.0838 

.0.80 

17 

1 

2 

0.1408 

0.0131 

9.3 

0.077 

0.0704 

0.91 

18 ; 

1 

2 

0.1062 

0.0110 

10.4 

0.092 

0.0531 

0.57 

19 1 

1 

o 

0.1397 

0.0131 

9.4 

0.058 

0.0699 

1.20 

20 1 

1 

1 

2 

0.0916 

0.0082 

8.9 

0.028 

0.0458 

1.64 

! j 


1.6215 

0.1591 


1.455 

1.1788 



f^iven in table ITT. Stems no. 1 and 2 were from an old plant starting to 
dry up. No. 10 was the tip of a young rapidly growing stem. 

If the number of cubic centimeters, from 20 ends for one minute, be 
divided by the total area of the phloem in the 20 ends, we get the average 

TABLE TV 

Phloem wall areas in cucurbit stems 


♦Section 

Condition 

Wall area 

PERi’ENTAGE OF TOTAL 

Percentage 

OF original 

A 

Fresh 

28.5 


A 

Dry 

14.6 

13.2 

B 

Fresh 

29.8 


C 

i i 

27.5 


D 

( t 

30.6 


E 

Dry 

14.4 
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length of phloem which would have to have its volume displaced each minute 
in order to provide the volume collected. That is, 1.1788 -r 1.455 = 0.81 cm. 
linear rate of flow. Fresh sections mounted in tap water, and air dried 
sections were used to estimate wall areas by camera lucida drawings. 
Section A (plate Va) was mounted fresh and a field drawn, then air dried 
(plate Vb) and the identical field redrawm. These fields were all drawn 
from large bundles. In the small bundles the sieve-tubes are smaller in 
diameter and the walls would occupy even a larger percentage of total area. 
For purposes of calculation we will assume that the walls occupy 30 per cent, 
of the total area when wet and 15 per cent, when dry. 

Sixteen average sieve-plates were drawn with the camera lucida so that 
the exact number of pores might be determined. 


TABLE V 

Sieve-plate areas and area per pore values in cucurbit stems 


Sieve-plate 

Number of pores 

Area op sieve-plate 

Area 

Number ok pokes 



cw.* X 10‘® 

cm .‘ X 10"* 

1 

37 

1.965 

0.531 

2 

* 42 

2.263 

0.540 

3 

45 

1.965 

0.437 

4 

46 

1.208 

0.263 

5 

50 

1.058 

0.211 

<5 

56 

3.465 

0.620 

7 

62 

2.420 

0.391 

8 

63 

3.020 

0.480 

9 

69 

2..567 

0.373 

10 

i 

3.020 

0.426 

11 

71 

3.780 

0.532 

12 

75 

3.175 

0.424 

13 

76 

3.020 

0.397 

14 

97 

3.175 

0.327 

15 

108 

3.175 

0.294 

16 

113 

3.465 

0.267 

Total 

1,081 

42.741 xlO-® 



Dividing 42.74x10"^ by 1081 we find that each pore is allotted an aver- 
aged area of 0.395 x 10 *^ cm.^ or 39.5 p^. 

The pores in these plates were from 1.25 p to 1.75 p in diameter and 
the plates varied from 3 p to 10 p in thickness with an average of about 5 p. 

A number of phloem groups were projected at a magnification of 200 
times. These sections were all mounted in tap water, a few having been 
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stained in dilute acid violet solution first. The figures in table VI give an 
idea as to the percentage of phloem area occupied by sieve-tubes. 

TABLE VI 

Percentage of phloem occupied by sieve-tubes in cucurbit stems 


Stem 

Outer group 

Inner group 

Number 

OF tubes 

Area percentage 
or total 

Number 

or TUBES 

Area percentage 

or TOTAL 

1 

131 

21.2 

no 

23.6 

2 

88 

18.1 

80 

18.1 

3 

54 

10.7 

70 

19.4 

4 

53 

18.9 

52 

21.6 

5 

41 1 

14.3 

36 

14.8 

6 

79 

13.4 

101 

20.7 

7 

85 

20.8 

122 

27.9 

8 

140 

16.8 

121 

19.7 

9 

73 

14.4 

73 

18.1 

10 ' 

98 

18.9 

57 

23.0 

11 1 

51 

19.1 

40 

22.6 

12 

33 

13.2 

44 

13.2 

13 

55 

15.3 

52 

18.1 


34 

15.5 

48 

19.1 

If) 

42 

15.0 

40 

16.6 

16 

74 

19.5 

84 

23.0 


109 

16.2 

93 

15.6 

1 

]8 

30 

17.1 

42 

18.1 

19 

66 

13.4 

73 

12.0 

20 

72 

14.1 

74 

13.1 


If we may assume tliat the sieve-tubes occupy 20 per cent. (46) of the 
total phloem area we have the data from which to calculate the pressure 
gradient necessary to deliver through the sieve-tubes and through the walls, 
the volume of sap collected. Using Ew^art^s figure, 2 jj, for the diameter 
of pores we find the area of the pore to be 3.14 |j*, and this represents 
3.14 -r 39.5 X 100 or 7.93 per cent, of the area of the sieve-plate. 

The linear rate of flow through these pores = 0.81 ~ 0.20 0.0795 = 51 cm. 
per min. or 0.85 cm. per see. 


n = 0.015 
l = 5x 10“^ cm. 


r = 1 X 10“^ cm. ; = 1 x 10“* cm.^ 

8 X 0.85 X 0.015 X 5 X 10"* , 

p = 1710^:5 = 5100 dynes, 

5.2 g, or 0.005 atmosphere pressure gradient to maintain flow through one 
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set of sieve-plates. A measure of 74 sieve-tube elements in tliese stems 
gives a value ().2b mm. average length, that is, about 4 sieve-plates per rnm., 
40 per cm., or 4000 per meter. Thus it would necessitate a pressure 
gradient of 20 atmospheres per meter to maintain this rate of flow in these 
stems. If all of the dry weight of the sap were sucrose a maximum osmotic 
pressure of but 8 atmospheres could be developed, which would be inade- 
quate to cause the observed exudation. In view of the rates of from two to 
four times the above value which have been observed, and also of the fact 
that the pores seem to be filled with protoplasm rather than open, or at least 
obstructed by a cellulose lamella, it would seem impossible to explain the 
exudation on the basis of mass flow through the sieve-tubes. 

Examining now the possibility for movement through the walls the 
linear rate per cm. would be ; 


= 0.81 -r 60 = 0.0185 cm. per sec. through the phloem 
= 0.045 cm. per sec. through the phloem walls 
n = 0.015 ; 1=1 cm. 

= 1.455 (20 X 20) X 0.3 = 0.00109 cm.‘^ for walls per phloem groui) 

and r^ = 0.000348 considering the walls of each phloem group as if they 

^ 1 , n .L 1 mi 8x0.045x0.015 

formed a single capillary tube. Then p = ;; 7 vrv T } -r ^ 


,= 15.5 dynes 


per cm. or 1.5xl0~'^ atmosjihere per cm. gradient through the walls of 
20 phloem groups, there being 10 bicollateral bundles in the internode. 
If the same calculation is made using 15 per cent, of the total area as occu- 
pied by the free space filled with solution in the walls the value 6.1 x 10 
atmosphere per cm. is obtained. It seems probable, therefore, that the 
greater portion of the exuded sap from cucurbit stems flows out through the 
walls rather than through the sieve-tubes. 

Another series of collections was made over longer time intervals and 
the following data collected. 

Dividing the total volume 1.2589 cc. by 0.0918 we find that a volume 
of solution equal to the volume of the total phloem in 13.7 cm. of stem 
flowed out during the 21 minutes, about 1 cm. of stem having been removed 
during the collection. 

These data bring out two interesting points in this work. Tlie pro- 
teinaceous material in the cucurbit sap gelatinizes rapidly upon exposure 
to air and tends to clog the ends of the cut stems. The removal of a thin 
section allows flow to be resumed at about its former rate. This rate, 
however, drops off rapidly at first, and then more slowly, approaching 
asymptotically a value of about 0.3 cm. per minute. 

The peduncle of a mature pumpkin was sectioned as was the stem below 
and above the fruit. 
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TABLE VII 

Sap plow prom cucurbit stems 


Collection 

NUMBER 

Fresh 

WEIGHT 

OP SAP 

Dry 

weight 

OP sap 

Dry 

WEIGHT 

PERCENT'* 

AGE OP 

FRESH 

Phloem 

AREA 

Linear 
rate op 

PLOW 

Time 


min. 

Collection A 



Pi 

impkin stem 








cmr 

cm. 

min. 


1 

0.1190 

0.0101 

8.5 

0.173 

0.688 

1 

0.688 

2 

0.0660 

0.0046 1 

7.0 

i 

0.381 

1 

0.381 

3 

0.0800 

0.0056 

7.0 


0.463 

2 

0.231 

4 

0.0465 

0.0031 

6.7 


0.269 

4 

i 

0.067 

Collection B 

Large pumpkin stem. Collection made for 5 minutes from both ends 


0,9484 1 

0.0878 1 

9.2 1 

0.175 1 

5.43 

5 

0.543 

Collection C 


1 Peduncle of a growing pumpkin 



1 

0.1683 

0.0147 

8.7 j 

0.0918 

1.833 

1 

1.833 

o 

0.0593 

1 0.0041 

1 6.9 


0.646 

1 

0.646 

3 

0.1005 

0.0074 

7.4 

« 

1.094 

1 

1.094 

4 

0.1028 

0.0081 

7.9 

* 

1.120 

1 

1.120 

5 

0.0916 

0.0070 

7.6 


0.997 

1 

0.997 

() 

0.0575 

0.0042 

7.3 


0,627 

1 

0.627 

7 

0.1404 

0.0103 

7.3 

* 

1.530 

2 

0.765 

8 

0.1971 

0.0158 

8.0 


2.240 

4 

0.560 

9 

0.2074 

0.0165 

8.0 


2.800 

5 

0.560 

10 

0.1340 

0.0099 

7.4 


1.460 

4 

0.365 


* This stalk was cut 5 times during the collection, thin sections about 1-2 mm. in 
tliickness being sliced off witli a safety razor blade. Collection made from stem end. 


The pumpkin Aveiglied 18,940 gm. of wliicli 9 per cent, was dry weight. 
If tliis fruit were made from a 9 per cent, solution in K)0 days then 189.4 cc. 
flowed in i)er day. 7.9 cc. per hour or 0.13 cc. per minute. This divided by 
0.450 gives a linear rate of 0.292 cm. per min. The smaller size of the 

TABLE VIII 

Areas op pedunc’Le and steaf op pumpkin 


Tissue 


Phloem 
Xylcm . , 

Ground tissue 


Peduncle 


cm.^ 

0.450 

0.197 

3.100 


Stem above 


cm.‘ 

0.084 

0.042 

0.800 


Stem below 


cm.^ 

0.240 

0.154 

1.017 










20 


PLANT PHYSIOLOGY 


developing peduncle and the difference in gradient and viscosity between 
day and night and bright and dull days would necessitate a somewhat 
greater rate than this during part of the time at least. The general agree- 
ment in this figure indicates, however, that rates of from 0.3 to 0.5 cm. per 
minute through the phloem of these stems may be expected. Since the 
pressure gradient necessary to produce rates through the sieve-tubes pro- 
portional to these rates through the phloem cannot be accounted for by the 
concentrations found in these elements it seems much more likely that, at 
least in the case of cut stems, the observed volumes of solution moved out 
through the walls. The gradient necessary to produce a linear rate of 
movement of 0.3 cm. per minute would be around 1.14 x 10’® atmosphere 
per cm. for movement through the phloem walls acting as a single capillary. 
All actual gradient of about 0.05 atmosphere per cm. might be expected, 
giving a factor of 4400 to represent the difference in resistance between the 
phloem walls, acting as a single capillary, and acting as they do in the 
plant. 

Munch ( 48 ) has given a value for the linear rate of flow necessary to 
provide for growth in several forest trees. Assuming movement to take 
place through the sieve-tubes, he calculated a rate of from 16 to 31 cm. per 
hour for an average 120 day growth period. The walls may well occupy 
as much or more space than the sieve-tubes in these stems, so comparable 
rates would probably occur if they were the channels. Kates of from 2.81 
to 4.46 per hour occurred in the stems of fruits. 

Calculations based on data collected in this laboratory on the rate of 
increase of dry weight in the pear tree give comparable rates. A group 
of 16 two-year-old trees of uniform size and shape were used. They were 
taken out two at a time and analyzed. The following data have been 
selected and tabulated (table IX). The last four columns give values for 
the osmotic pressure at 0° C., calculated from the freezing point lowering 
of ex])ressed sap of the bark. 

The average diameter at the top of the trunk for these trees was 3.10 
cm. Measurements were made of the thickness of phloem and cortex of 
seven trunks of this diameter. Strips of bark were taken from the north 
and south sides of the trunks and microtome sections of these were pro- 
jected at a magnification of lOOx, outlined and measured. Table X gives 
the data on these. In table XI the cell w^all: phloem area ratios obtained 
from camera-lucida drawings of these sections are given. The average 
percentage of the phloem area occupied by walls in the fresh sections was 
40.54 per cent, and in the air dried sections 23.50 per cent. The average 
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TABLE IX 

Composition of pear trees removed at intervals throughout the year 


Tree 

Hate 

rp:moved 

Trunk and 

! 

ROOTS 

Sap concentration 
Osmotic pressure at 0 

° C. 

Dry 

WEIGHT 

Starch 

Diameter at 
top op trunk 

Leaves 

Branches 

(BARK) 

Trunk 

(bark) 

Boots 

no. 


gm. 

per cent. 

cm. 

atm. 

atm. 

atm. 

atm. 

1393 

2/13 

854.4 

8.19 

2.50 

— 

17.81 

20.45 

12.40 

1383 

2/15 

756.6 

7.01 

2.88 

i 

20.42 

20.58 

13.72 

1398 

3/14 

881.1 

8.22 

2.69 


16.65 

17.70 

12.68 

1377 

3/18 

729.8 

7.47 

2.57 


15.19 

18.05 

12.60 

1354 

4/22 

800.4 

6.04 

2.52 

11.68 

11.55 

12.64 

11.59 

1330 

4/24 

618.4 

2.91 

2.90 

13.97 

9.82 

10.71 

10.59 

1352 

6/9 

751.0 

3.18 

3.00 

36.18 

10.92 

9.27 

9.90 

1327 

6/12 

755.2 

5.84 

2.92 

23.82 

15.28 

9.75 

9.66 

1334 

7/30 

772.3 

10.36 

3.25 

22.42 

12.08 

9.14 

10.71 

1358 

8/4 

862.7 

9.98 

3.15 

24.21 

12.42 

10.48 

11.28 

1309 

10/13 

1187.3 

12.41 

2.45 

22.20 

14.17 

13.42 

11.71 

1284 

10/20 

1439.9 

12.12 

3.30 

28.07 

i 17.64 

15.76 

12.10 

1305 

12/17 

1446.7 

9.76 

3.68 

48.50 

19.64 

17.88 

14.08 

1331 

12/18 

1990.3 

12.86 

4.20 

— 

20.80 

18.96 

13.81 

1280 

2/24 

1749.5 

7.85 

3.92 

— 

18.59 

20.21 

13.35 

1255 

2/26 

1 792.5 

9.22 

3.70 

— 

19.56 

18.78 

13.12 


Him. Denoting* the total radius as r, the cortex thickness as c, and the 
pliloem thickness as p, the area of the phloem would be 
n |r - (r -f p) ; r = 1.55 cm. 

c = 0.145 cni.y j) = 0.038 cm. and the phloem area is 0.30 cm.^ 

From the data of MOncii ( 48 ) and Chandler ( 10 ) and the osmotic 
concentrations recorded in table IX it seems reasonable to assume a con- 
centration of about two-thirds molal in these tissues. Chandler ( 10 ) finds 
a theoretical molecular weight of about 200 for these solutes and the ver- 
tical gradients of sucrose and reducing sugars found by Mason and 
Maskell ( 47 ) indicate that the pliloem sap should at least not fall below 
this average. 

A two-thirds molal solution of a substance of molecular weight 200 
would have a percentage composition of 11.77 per cent, solute. Table TX 
shows that between August 1 and December 18 there was a daily increase 
in dry weight of 6.53 grams per tree which at the above concentration would 
correspond to a volume of 55.6 ec. flowing daily or 2.32 ce. per hour. This 
volume through 0.30 cm.^ would require a linear rate of 7.73 cm. per hour 
through the total phloem or about 19 cm. per hour through the walls and 
would necessitate a pressure gradient of 1.60 x 10"^ atmosphere per centi- 
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TABLE X 

Tiik’kness or phloem and cortex or pear bark 


Sample 

NO. 


Phloem 



Cortex 


Number op 

MEASURE- 

MENTS 

Total 

THICK- 

NESS 

Average 

THICK- 

NESS 

Number of 
measure- 
ments 

Total 

THICK- 

NESS 

Averagi 

THICK- 

NESS 



mm. 

mm. 


mm. 

mm. 

IN 

25 

6.57 

0.263 

33 

3 8.8 

3.45 

IS 

20 

4.37 

0.218 

7 

10.9 

1.56 

2N 

22 

6.30 

0.286 

14 

13.9 

0.99 

2S 

25 

9,76 

0.391 

35 

14.3 

0.94 

3N 

15 

7.37 

0.491 

16 

22.1 

1.38 

3S 

13 

6.20 

0.477 

12 

20.2 

1.68 

4N 

37 

6.13 

0.361 

14 

20.0 

1.43 

4S 

20 

6.17 

0.308 

35 

22.1 

1.47 

5N 

16 

4.72 

0.295 

36 

22 3 

1.39 

5S 

16 

5.3 8 

0.323 

15 

20.0 

3 .33 

6N 

38 

5.83 

0.324 

34 

24.0 

1.72 

6S 

37 

6.69 

0.393 

3 3 

22.7 

3.75 

7N 

37 

4.80 

0.282 

14 

23.4 

3.67 

7S 

34 

4.80 

0.343 

12 

21.0 

3.75 

Total 

255 

84.89 


190 

275.7 



TABLE XI 

Celt, wall : phloem area ratios or pear bark 


Sample no. 

Walls 

Weight 

Lumina 

Total 

Walls, per cent. 

TOTAL PHLOE^iI 


(jm. 

gm. 

gm. 

per eeni. 

1 N a 

2.16 

2.97 

5.13 

42.1 

b 

3.51 

2.21 

3.72 

40.6 

1 S a 

2.23 

2.85 

5.06 

43.8 

b 

3.42 

1.91 

3.33 

42.7 

2 N a 

1.79 

2.96 

4.75 

37.7 

b 

2.81 

4.74 

7.55 

37.2 

2 S a 

1.85 

2.70 

4.55 

40.7 

b 

2.18 

3.06 

5.24 

41.7 

3 S a 

2.97 

5.14 

8.11 

36.6 

b 

2.82 

4.39 

7.21 

39.1 

4 Fresli 

2.01 

2.41 

4.42 

45.5 

Air dried 

1.30 

3.69 

4.99 

26.2 

5 Fresh 

2.85 

4.49 

7.34 

38.8 

Air dried 

3.54 

00 

7.40 

20.8 
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meter for tlie total phloem walls acting as a single capillary. Assuming a 
giadient of 0.05 atmosphere per centimeter possible in the tree, a factor 
3.1 X 10® represents the relative resistance of the walls compared to a 
single capillary of equal cross sectional area. 

Kates of flow through petioles have been calculated by both Dixon ( 21 ) 
and Birch-Hirschfeld ( 4 ). In order to check Dixon ^s rate, five leaves 
of Tropaeolim majus were measured and fresh sections of the petioles were 
projected, the phloem groups outlined, and the areas determined with the 
planimeter. Using the assimilation rate which Dixon quotes from Brown 


TABLE XII 

Areas op lamina and op petiole phloem op Tropaeolum leaves 


Leap 

Lamina area 

Area op phloem of petiole 


em.^ 

cm,^ 

1 

71.9 

0.00476 

o 

70.5 

0.00371 

3 

75.0 

0.00345 

4 

75.5 

0.00394 

5 

62.8 

0.00359 

Totals 

355.7 

0.01945 


and Morris these leaves would form 0.03557 gram per hour or 0.3557 
gram in 10 hours and two-thirds of this or 0.3271 gram would be trans- 
ported through the petiole in 24 hours. Using the factor 10 to arrive at 
a volume, 2.371 cc. would pass through 0.01945 cm.^ of phloem in 24 hours 
2 371 

at a linear rate of v. or approximately 5.1 cm. per hour. The 

0.01945x24 

walls were not measured in this case but 30 per cent, would be a conserva- 
tive estimate, and through this area the rate would be 17.0 cm. per hour. 

Bircut-Htrschfeld used the leaf of Phaseohis multiflorus in her calcu- 
lation. She assumed an hourly loss of 0.28 gram from 1 sq. meter and 

or 0.003276 gram per hour from her leaf. Through the 

0.004598 cm.‘^ of phloem this would be 0.71 cm. per hour for the pure 
solute, or 7.1 cm. per hour for about a 10 per cent, solution. Through the 
37.2 per cent, of the phloem occupied by walls this would be 19.1 cm. per 
hour. A Phaseolus leaf which was measured to check this result had a 
lamina of 64 cm.^ and the phloem measured 0.0032 cm.^ Using the same 
rate of loss from the leaf, a flow of 5.58 cm. per hour through the total 
phloem, or 15 cm. per hour through the walls, would be adequate. 
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Sachs (69) found a rate of assimilation of 1.8 grams per square meter 
per hour in Reliant hns annum. With this same plant Brown and Morris 
(7) give rates around 1 gram per square meter per hour. Brown and 
Bsoombe ( 8 ), measuring COo absorption, arrive at rates which are less than 
one-half of this, and Thoday ( 66 ) using an improved one-half leaf method 
got an average value of 1.65 grams per square meter per hour. 

Among the later workers Kostytsoiiew ( 40 ) recorded rates of assimila- 
tion in several species arrived at by measuring CO 2 absorption. His values 
approximate the early figure of Sachs, and Boysen-Jensen ( 6 ) using a 
similar method finds values of from 0.5 to 1.0 gram per square meter per 
hour. Since measurements of the phloem in the petioles are not available 
in any of these experiments a set of determinations was made on Phaseolus 
leaves using the stamping method of Thoday ( 66 ), weighing the changes in 
dry weight and measuring the phloem in the petioles from projections of 
sections. The center leaflets of the compound leaves were used, a four 
square-centimeter area being stamped on each side of the midrib. 

The plants were moved from the greenhouse to a dark room at 4 : 00 P. 
M. on February 20. The leaves were stamped and tagged between 8 : 00 
and 8 : 30 P. M. the same evening and the experiment started the following 
morning. Four sets of ten leaves each were used ; eight samples were col- 
lected falling into five groups. The four sets will be called ab, ac, cd, and 
ce, each letter designating a sample. The a samples were collected at 8: 00 
A. M. February 21, after 16 hours in the dark room attached to the plants. 
The h sample was collected at 6; 00 P. M. F’ebruary 21 after 16 hours in 
the dark room attached to the plant, followed by 10 hours illumination 
detached from the plant with petioles in water. The c samples were col- 
lected at 6: 00 P. M. February 21, after 16 hours in the dark and 10 hours 
illumination attached to the plant. The leaves of the d sample, after the 
same treatment as c, were detached and the petioles placed in water, the 
d sample being collected at 10: 00 A. M. February 22, after 14 hours in the 
dark. The e sample had the same treatment except that these leaves re- 
mained attached throughout. 

The printed leaf areas were cut out with scissors, placed with a drop of 
ether in a small test tube, brought to 100° C. in a boiling water bath, dried 
in a 55° oven for 24 hours and brought to constant weight in a 05° oven. 
The two a samples and the e sample were theoretically similar and weighed 
nearly alike, so their weights were averaged. The three c samples were all 
similar, so their weights were also averaged. The weights were: 

Sample weight of 40 cm.® 
a 0.0773 g. 16 hours in dark 

b 0.0912 “ ‘‘ “ “ + 10 hours illuminated, detached 
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c 0.0832 j?. 16 hours in dark + 10 hours illuminated, attached 

<1 0.0798 ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ + 14 

hours dark detached 

e 0.0773 g. 16 hours in dark + 10 hours illuminated, attached + 14 

hours dark attached 
Weight diiferences per 40 cm.^ 

b-a 0.0139 g. assimilation in 10 hours illumination, detached leaves 
c-a 0.0059 ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ attached 

c-o 0.0059 ‘‘ respiration and translocation 14 hours in dark, attached 
leaves 

e-cl 0.0034 g. respiration in 14 hours in dark, detached leaves 

b-c 0.0080 translocated during 10 hours illumination, attached 

leaves 

d-e 0.0025 g. translocated during 10 hours dark, attached leaves 
The extraordinarily good agreement of these figures is accidental and 
resulted from the averaging indicated. The general order of magnitude, 
however, should be reliable. The value 0.0080 g. translocated in 10 hours 
from 40 square centimeters gives an hourly loss of 0.2 g. per hour 
per square meter. Table XIII gives the areas of these leaves and table 
XrV the areas of the phloem in the petioles. 

TABLE XIII 

Arkas of Phaseolufi leaves in square centimeters 


Leaf 

ab 

1 

i ac 

cd 

ce 


o/n.2 

cm.2 

CW.2 

rm.2 

1 

33.5 

38.4 

21.9 

26.4 

o 

40.7 

27.1 

32.5 

26.6 

3 

33.9 

24.8 

22.2 

38.2 

4 

35.6 

34.5 

34.4 

22.2 

3 

44.1 

43.0 

30.2 

35.4 

6 

24.5 

22.0 

38.9 

25.9 

7 

20.0 

25.8 

42.0 

37.1 

8 

22.6 

29.4 

28.4 

34.5 

!) 

23.9 

24.6 

21.8 

35.7 

10 

26.6 

33.9 

27.8 

34.6 

Total 

305.4 

303.5 

300.1 

316.6 

Average 

30.54 

30.35 

30.01 

31.66 


The average leaf area was 30.64 cm.^, and the average phloem area 0.123 
mm.2 or 0.00123 cm.^ A transport of 0.2 g. per square meter = 0.00002 g. 
p(»r square centimeter per hour and 30.64 x 0.00002 = 0.0006128 g. or 

0.006128 cc. of a 9 per cent, solution. ^ centimeters per hour 
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linear rate of flow through the entire phloem. Table XV gives tlie cell 
wall: phloem area ratios of seven of these petioles. Dividing 5 by 0.372 
we arrive at a rate of 13.5 cm. per hour through the walls. 

TABLE XIV 

Areas of phloem in Phaseolm petioles in square millimeters 


Leap 

ab 

ae 

cd 

I ce 

Phloem 

Petiole 

Phloem 

Petiole 

Phloem 

Petiole 

Phloem 

Petiole 


wm.2 

W7W.2 

mm.^ 

mm.^ 

mm.^ 

wim.2 

mm.- 

mm.^ 

I 

0.161 

2.07 

0.134 

1.86 

0.106 

1.15 

0.093 

1.19 

2 

0.208 

2.64 

0.126 

1.63 

0.125 

1.74 

0.132 

1.61 

3 

0.139 

1.94 

0.078 

1.26 

0.078 

1.01 

0.117 

1.66 

4 

0.203 

2.64 

0.119 

1.79 

0.137 

1.54 

0.091 

1.03 

5 

0.252 

2.85 

0.171 

2.05 

0.130 

1.59 

0.150 

1.86 

6 

0.103 

1.39 

0.098 

1.21 

0.127 

1.96 

0.095 

1.16 

7 

0.103 

1.08 

0.082 

1.03 

0.147 

2.06 

0.092 

1.08 

8 . 

0.112 

1.75 

0.102 

1.25 

0.088 

1.26 

0.125 

1.47 

9 

0.100 

1.96 

0.096 

1.02 

i 0.074 

0.88 

0.147 

1.66 

10 

0.116 

1.66 

0.139 

1.66 

0.104 

1 1 

1.03 1 

0.130 

1.87 

Total 

1.497 

18.98 

1.145 

14.76 

1.116 

14.72 

1.172 

14.59 

Average 

value 

0.1497 


0.1145 


0.1116 


0 1172 



TABLE XV 

Cell wall: phloem area ratios or Phaseolus pp:tioles 


Sample 

NUMBER 


Ratio expressed as 

PER CENT. 


1 

o 

3 

4 

5 

6 
7 

Average 


41.2 

34.4 

36.0 


34.9 

34.1 

40.8 


38.9 


260.3 7 37.2 ])or cent. 


If the mechanism pictured in the previous section actually acts in the 
transport of organic materials through the phloem of woody stems it 
should be possible to force certain solutions through this tissue. Apparatus 
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was designed which allowed the application of pressure to solutions cover- 
ing? the exposed bark of stems and the rates of movement measured under 
certain standard conditions. After some experimentation a strong solu- 
tion of Orange O mixed with Higgin’s India Ink was decided upon as an 
indicating solution. A five-centimeter length of stem about 2 centimeters 
in diameter was used, a strip of bark one centimeter wide being removed 
from each end leaving an intact strip 3 centimeters wide in the center. 
The wood of the upj)er end was coated with hot paraffin and the piece of 
stem sealed into a glass tube with plasticine and cotton string. The indi- 
catoj* solution was poured in and pressure applied by means of a plunger 
in the glass tube. Several species were studied by this method. The 
maximum and minimum distances were measured, the average was esti- 
mated visually. 

In all of these tests a standard length of 3 centimeters was used. Pre- 
liminary tests showed, however, that the rate was inversely proportional to 

TABLE XVI 

llATK OF MOVEMKNT OF ORANGE ii SOUmON THROUGH THE BARK OF HARDY PP^AR STEMS.^ 

March 13, 1930 


PRESSl’RE 

Time 


Distance 







Minimum 

Average 

Maximum 

(if ni. 

ni ni, 1 

cm. 

cm. 

cm. 

1 

1 

0.50 

0.60 

1.50 

1 

1 

0.30 

0.60 

1.50 

1 

o 

0.50 

1.00 

2.00 

1 

Wj 

0.50 

0.75 

1.50 

1 

4 

0.75 

1.00 

3.00 

1 

4 

0.50 

1.00 

2.50 

1 

S 

1.00 

2.00 

3.00 

1 

8 

1.00 

2.25 

3.00 

1 

12 

3.00 

3.00 

3.00 

1 

12 

2.50 

3.00 

3.00 


4 

0.30 

0.50 

1.00 


4 

1.50 

2.00 

3.00 

3 

4 

2.00 

3.00 

3.00 

4 

3 

2.50 

3.00 

3.00 

1 check2 


0.30 

0.50 

1.00 


J The buds were swelling and the bark could be peeled off of these stems rather 
readily. 

2 The check in each ease was treated like the other samples, except that as soon as 
the pressure of one atinosj)here was developed the stem was removed and the nietisure- 
ments made. Similar treatments in which no pressure was applied showed practically 
no movement of the dye. 
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the length just as would be expected from Poiseuille’s formula. The fol- 
lowing tables give the data on these tests. 

Acid dyes moved readily through these tissues but basic dyes were 
adsorbed by the walls and scarcely entered the bark. India ink proved 
effective in stopping the intercellular spaces of the cortex and confining the 


TABLE XVII 

Movement of Orange G solution through the bark or Madrone stems {Arbutus sp.) 



Time 

Distance 

JrKEBBURE 







Minimum 

Average | 

Maximum 

(a) Dormant stems with bark sticking. March 1 

5, 1930 


atm. 

m in. 

cm. 

cm. 

cm. 

1 

1 

0.10 

0.30 

1.50 

1 

2 

0.50 

0.75 

2.50 

1 .. . 

4 

0.50 

1.50 

3.00 

1 

8 

1.00 

o 

o 

3.00 

1 

12 

2.50 

3.00 1 

3.00 

i 

4 

0.40 

1.00 ' 

1.50 

2 

4 

1.00 

O 

O 

3.00 

3 

4 

1.00 

2.50 

3.00 

4 

3 

1.00 

2.50 

3.00 

1 check 

1 


0.10 

0.20 

0.50 

1 1 1 
(b) Stems with bark slij)piiig. March 17, 1930 



1 

1 

0.25 

0.33 i 

1.00 

1 . . 

2 

0.33 

0.60 

2.00 

1 . 

4 

0.50 

1.00 

2.50 

1 

8 

0.50 

1.50 

3.00 

1 

12 

1.00 

2.50 

3.00 


4 

0.33 

0.75 

2.50 

2 . 

4 

0.50 

1.00 

3.00 

3 

4 

1.00 

2.00 

3.00 

4 

3 

1.00 

2.50 

3.00 

1 check 


0.25 

i 

0.30 

0.60 

(c) Rtems with bark 

i 1 1 

: slipping. Orange G+ India 

ink. March 17, 

1930 

1 

1 

0.20 

0.30 

0.70 

1 . . 

2 

0.20 

0.40 

0.70 

1 

4 

0.33 

0.75 

2.00 

1 

8 

0.50 

1.33 

2.50 

1 . 

12 

1.00 

1.50 

2.50 

.. 

4 

0.50 

0.75 

1.50 

2 . 

4 

0.50 

1.33 

2.60 

3 . 

4 

1.00 

1.50 

3.00 

4 .... 

3 

1.00 

2.00 

3.00 

1 check . 


0.20 

0.20 

0.20 
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TABLE XVIII 

Movement or Orange G solittion through the bark of willow, 
March 14, 1930 


Pressure 

Time 


Distance 


Minimum 

Average 

Maximum 

at ms. 

min. 

cm. 

cm. 

cm. 

1 

1 

0.25 

0.30 

0.50 

1 . . 

2 

0.33 

0.50 

1.50 

1 

4 

0.50 

1.00 

2.00 

1 ... 

8 

1.50 

2.00 

3.00 

1 

12 

2.00 

3.00 

3.00 

I 

4 

0.33 

0.75 

1.50 

2 

4 

1.00 

2.00 

3.00 

3 

4 

2.00 

2.50 

3.00 

4 

3 

3.00 

3.00 

3.00 

1 check 


0.10 

0.15 

0.20 


TABLE XIX 

Movement of Orange G solution - f India ink through the bark op Bartlett pear, 
Apricot, Eucalyptus, and Redwood, March 19, 1930 


Pressure 

Time 

Distance 

Minimum 

Average 

Maximum 

(a) Bartlett pear. 

Bark slix)ping, buds sw'elling 





atm. 

min. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

1 

4 

*0.50 

*0.50 

*0.75 

*0.75 

*2.00 

*1.50 

1 

8 

1.00 

1.00 

2.00 

1.50 

3.00 

3.00 

1 

12 

1.00 

1.00 

2.00 

2.00 

3.00 

3.00 

(b) Apricot. Bar] 

k slipping. L 

leaves 1 

size 





1 

4 

1.00 

1.00 

1.50 

1.25 

2.00 

2.00 

1 ! 

8 

1.00 

1.00 

2.00 

2.00 

3.00 

2.50 

1 

12 

2.00 

1.50 

2.75 

2.50 

3.00 

3.00 

(c) Eucalj^ptus. I 

iark slipping 







1 

4 ! 

1.00 

0.50 

1.50 

1.00 

2.50 

2.00 

1 

8 ' 

1.00 

1.00 

1.50 

1.50 

2.00 

2.50 

1 

12 1 

1.50 

1.50 

2.00 

1.50 

3.00 

1.50 

(d) Redwood. Ba 

1 1 

rk slipping ])artially 






1 . . 

6 

0.33 

0.50 ! 

0.75 

0.75 

1.50 

1.50 

1 

12 

' 1.00 

1.00 

1.50 

1.33 

2.00 

2.50 

1 

18 

1.00 

0.50 

2.00 

1.50 

J 

3.00 

3.00 


Duplicate experiments. 
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movement to the phloem. Microscopic examination showed the presence of 
the dye in the waJls of the phloem tissues and there was no tendency for it 
to be localized in sieve-tubes. 

Discussion 

Since methods are not known at the present time by which the move- 
ment of organic materials through intact plants may be studied it is ex- 
tremely difficult to prove that any particular tissue system is primarily 
involved in this process. The ringing experiments of Cuktis, Mason and 
Maskell, and others leave little doubt but that transport of organic mate- 
rials actually occurs in the bark. The sieve-tubes and the parenchyma ceils 
with streaming protoplasm, Jiowever, both seem inadequate as conducting 
elements, while certain data presented in this paper indicate that the ceil 
walls of the phloem may possibly act as the channels. From 30 to 40 per 
cent, of the volume of the phloem is occupied by wall material composed of 
about equal parts of cellulose and water. The rates calculated for flow 
through the walls while much too great to be explained by diifusion, seem 
not unreasonable in view of the possible maximum pressure gradients in 
the phloem which may be inferred from the exudation studies on cucurbit 
stems. The fact that acid dyes which move readily in the ])hloem walls 
may be forced through the bark of woody stems at rates which are similar 
to those calculated as necessary for storage (21) and growth (48) provides 
additional evidence for passage through the walls. 

All of this evidence, however, is indirect and much remains to be done 
before any of the present theories can be accepted. In the meant iine any 
proposed mechanism must be judged upon its general feasibility, certain 
characteristics being indispensable. Nourishment of the meristems and 
provision for growth and storage necessitate fairly rapid transport (9) 
over considerable distances. The development of tubers and flow through 
the trunks of tall coniferous trees are examples which present serious diffi- 
culty. The magnitude of rates in the former case, and the lack of vessels 
in the xylem and of sieve-pores in the phloem in the latter, practically j)re- 
clude the application of previously described theories. In fact, the assump- 
tion that translocation takes place through sieve-tubes has probably hin- 
dered an unbiased study of this problem ever since these elements were 
named by Hartig. Besides the resistance due to the narrowness of the 
pores and the fact that actual pores have not been demonstrated in many 
cases, the entire lack of sieve-tubes in bundle terminals of leaves and the 
question as to their state of differentiation in intercalary meristems are 
additional objections. 

In considering the mechanism proposed in this paper in its relationship 
to the plant there are many questions yet to be settled. The state of 
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hydration of the phloem walls in the intact plant and the intermolecular 
force with which the water is held can only be surmised. It seems reason- 
able that the walls should occupy at least as much volume in their natural 
state as they do in cut sections but no actual data on this point are avaih 
able. 

The presence of organic solutes within the phloem walls is difficult to 
determine and their concentrations may onl 3 ^ be roughly estimated. ('On- 
sidering the thinness of the phloem cylinder, the rigidity of the enclosing 
la^'ers and the low compression coefficient of water}^ solutions it ma}" be 
assumed that so long as the rate of flow is not too great, a relativel.v high 
concentration will be maintained throughout the phloem, the effective 
gradients becoming fairly short. The large surface exposed and the short 
distance to the x\’lem favor this view. This factor should considerabh^ 
reduce the rates necessary especially in remote parts of the plant. 

It is not essential to the proposed mechanism that there exist between 
^‘source” and ^^sink” a concentration gradient in the tissues as a whole. 
The ability" of living noii-photos^uithesizing cells to produce a low concen- 
tration within their walls is all that is necessary. This possibly explains 
the lack of evidence for such gradients in much analj^tical data. The ver- 
tical gradients of Mason and Maskell (47) probably represent the vacuo- 
lar coiK'cntrations at different lev(‘ls more than the.y do cell wall contents, 
and reflect accumulation within living cells rather than conditions withiii 
the conducting tracts. 

In addition to tlie ])r<)blems already mentioned there remains the crucial 
one of determining the absolute resistance oft’ered b,y the h^^drated colloidal 
jell, of wliicli the walls are comi)osed, to mass flow of solutions. Immense 
amounts of internal surface are undoubted!}^ exposed but how this surface, 
(‘()mi:)osed presumably of longitudinal chains of carboln^drate molecules 
(62) reacts in comi)arison with tlie rigid walls of a glass capillary can only 
h(‘ surmised. The structure is less rigid than that of lignified walls, and 
water se(*ms to be held less firmly than by agar or gelatin jells. The fact 
i*(*mains, howev(*r, that the spaces through which it is proposed that food 
materials in solution are ])assing are of molecular dimensions and irregular 
in form. Since no formulae are available b,y which to calculate pressure 
gradients and rates of flow through this type of material mathematical 
treatment is impossible. T^se of Poiseuille’s formula leads to high values 
for the required gradients and indicates discrepancies fully as great as the 
ones which a])peared in the sieve-tube calculations. It remains for future 
(experiments to settle this phase of the problem. 

In the face of these obvious weaknesses in the proposed theory one 
might seem overoptimistic in attempting to view it in relation to the plant ; 
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yet when this is done several interesting deductions become manifest. 
Considering the nutrition of the growing points, the exudation pressures 
which have been demonstrated in the phloem should force nutrients in solu- 
tion into the meristems of root and shoots (61, 52) more effectively than 
root pressure (60, 63) or the osmotic system recently described by Priest- 
ley (66). In secondary roots the initiation of a cork cambium (64) within 
the phloem would be a natural result of facilitated nutrition. In storage 
roots, where the cork cambium surrounds a fleshy cortex, nutrition is 
effected through a disrupted endodermis. In primary roots an intact endo- 
dermis results in an early breakdown in the cortex. Radial arrangement 
in the region behind the growing root-tip allows water absorption to take 
place independently of the movement of foods. 

Tlie subdivision of the phloem observed to occur in storage organs such 
as the potato tuber, while narrowing the individual elements of this tissue, 
results in an increase in volume as well as in the ratio of cell wall to total 
phloem volume. Contrary to previous opinion (1, 34) this should increase 
its ability to conduct. 

The fact that living cells (14) are essential to the functioning of the 
mechanism proposed in this work cannot be questioned. The semipermea- 
bility of the membranes separating the phloem from the adjacent tissues is 
directly dependent upon the nature of living protoplasm. Any condition 
tending to increase this permeability will allow excess leakage, and trans- 
location will be hindered. The injection of osmotically active solutes into 
the phloem is dependent upon the synthetic activity of chlorophyll -bearing 
cells or the hydrolytic activity of storage elements. Finally the with- 
drawal of these substances from the channels of movement depends upon 
the ability of living cells to accumulate, condense, or oxidize these sub- 
stances in their normal life processes. 

Summary 

The literature on the subject of the movement of organic materials in 
plants presents three main theories: (1) movement through the xylem due 
to a gradient of hydrostatic pressure, (2) movement through the phloem by 
diffusion and possibly accelerated by protoplasmic streaming, (3) mass 
flow through the sieve-tubes. 

The first of these is not compatible with the anatomy of many plants, 
the second seems inadequate, the rates of diffusion and protoplasmic 
streaming appearing to be too slow to explain certain known rates of trans- 
location and the third seems doubtful in view of the pressure gradients 
necessary to maintain flow through the constricted sieve-plate regions. 

In place of these theories it is suggested that the osmotic system of 
Ppefper, Blackman and Munch exists in the plant, the total phloem being 
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proposed as the channel for conduction with the majority of transport tak- 
ing place in the cell walls. 

In support of this proposition data from measurements and analyses on 
several plants are given. 

Potato. — The phloem walls of the potato stolon occupy about 37 per 
cent, of the total phloem cross sectional area. These walls shrink to less 
than one-half of their original volume upon dehydration. Calculations in- 
dicate that rates of approximately one centimeter per minute through the 
total wall space are necessary to account for the accumulation of carbo- 
hydrates in the potato tuber. 

Cucurbit. — Calculating from twenty collections of sap from pumpkin 
stems an average linear rate of flow of 0.81 centimeters per minute through 
the total phloem was recorded. Phloem walls constituted about 30 per cent, 
of the total phloem area in these stems. The walls shrunk 50 per cent, 
upon drying. Sieve-tubes occupied less than 20 per cent, of the total 
phloem area. Pores occupied about 8 per cent, of the sieve-plate area or 
1.6 per cent, of the total phloem area. Using these values, calculations indi- 
cate that a pressure gradient of approximately 0.005 atmosphere would be 
necessary to force the volume of solution collected through one set of sieve- 
plates, or about 20 atmospheres per meter. Similar calculations show that 
a gradient of O.lxlO”® atmosphere per centimeter M^ould be needed to 
deliver this volume through a capillary tube having the same cross-sectional 
area as the water occupies in the phloem walls. 

Further collections show that the initial rate of flow from cut cucurbit 
stems was about one centimeter per minute through the phloem. This rate 
drops off rapidly at first and then more slowly, approaching asymptotically 
a rate of 0.3 centimeter per minute. Calculations show that this is ap- 
proximately the rate required to deliver the volume of solution necessary 
to form the fruits of these plants. Since rates of this magnitude cannot 
be accounted for on the basis of flow through the sieve-tubes it is suggested 
that the solution has passed through the phloem walls. 

Calculations show that a rate of flow of 19 centimeters per hour would 
deliver enough materials through the phloem walls of Bartlett pear bark 
to account for the observed seasonal increase in dry weight. 

A rate of 17 centimeters per hour would account for the transport of 
assimilate from the leaves of Tropaeolum majus and rates of 19.1, 15.0 
and 13.5 centimeters per hour are calculated to be necessary in the phloem 
walls of the petiole of Phaseolus multifioriis. 

Orange G solution was forced through the bark of several species of 
woody plants and rates of flow around 15 centimeters per hour, for a pres- 
sure gradient of one-third of an atmosphere per centimeter, were measured. 
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Acid dyes moved tlirouj?h the bark readily while basic ones were absorbed 
and failed to move. 

The author vdshes especially to acknowledge the constant help and 
advice of Dr. J. P. Bennett throughout the course of the work. He 
also expresses his thanks to Dr. 0. F. Curtis and Dr. L. H. MacDaniels 
for their kindly criticisms and help during the preparation of the manu- 
script for publication. 

University of California, 

Berkeley, California. 
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EXPLANATION OF PLATES 
Plate IT 

Plate II shows photomicrographs of cucurbit sieve-plates as follows: 

(a) Upper left, cucurbit sieve-plate x 300. 

(b) lipper right, cucurbit sieve-plates x 300. 

(c) Lower left, cucurbit sieve-plate x 440. 

(d) liower right, cucurbit sieve-plate x 300. 
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Plate III 

Plate III shows (a) above, phloem of potato stolon x560, fresh hand section mounted 
in water. Below, (b) phloem of potato stolon x560, dehydrated 
in alcohol and mounted in balsam. 
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Plate TV 

Plate TV shows (a) aboVe, phloem of potato stolon x560, section air dried at 80® C. 
Below, (b) phloem walls of Cucurhita pepo x 265, fresh 
sections mounted in glycerine. 
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Plate IV 




CRAFTS — TRANSLOCATION 




Plant Physiology 


Plate V 
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Plate V 

Plate V shows (a) above, phloem of pumpkin stem x 400, fresh hand section mounted 
in water. Below, (b) phloem of pumpkin stem x400, same section 
as above, after air drying at 80° C. 




FOOD RESERVES IN RELATION TO OTHER FACTORS 
LIMITING THE GROWTH OF GRASSES 

L. F. Graberi 
(with four figures) 

The immediate applied significance of the pronouncements of Liebig 
(1840) with reference to mineral nutrition of plants, not only gave rise to 
profound changes in soil culture and crop husbandry, but also furnished 
the basis of the present fertilizer industry. The classic work of Sachs, 
Pfeffer, Klebs and others on the organic nutrition of plants, however, has 
not been utilized to full advantage. Fairly recently (1918) Kraus and 
Kraybiul ( 12 ) liave attempted to redirect attention to such studies, and 
many important contributions have been made by such workers as Harvey 
( 9 ), Murneek ( 14 ), Nightingale ( 17 ), Roberts ( 26 ), Janssen ( 11 ), 
Leukel ( 13 ), Tiedjens ( 28 ), Albert ( 1 ), Nelson ( 16 ), Welton ( 29 ), 
Morris (30 ) , and others. Unlike mineral nutrients, the carbohydrates and 
other organic foods cannot at present be supplied to green plants in a com- 
mercial way. They must be elaborated by the living plant itself. The 
plant pi'oducer can vary cultural procedures, however, so that the forma- 
tion, utilization, storage and destruction of such materials may be con- 
trolled or directed and crop production be more or less precisely regulated 
with reference to quality and yields. Such cultural practices include 
defoliations by cuttings, pruning and grazing ; fertilization, especially with 
nitrogenous fertilizers; etiolation by shading or other limitations of light; 
irrigation and combinations of these treatments. 

Food reserves as they are discussed in this paper may be regarded in a 
general Avay those organic compounds which are synthesized and main- 
tained in forms capable of being subsequently utilized by the plant in the 
performance of its various functions. They are labile materials. They 
involve so great a variety of organic compounds that present chemical tech- 
nique and knowledge alford a clue of identification and understanding to 
but relatively few of them. They represent an accumulation or surplus of 
materials in excess of the immediate requirements of the plant for growth 
and maintenance. Their utilization is, essentially, most abundant in an 
environment favorable for growth extension and in those meristematic 
regions of the plant where the metabolism is most active. Generally, their 
storage occurs during periods when the accretions in dry weight are most 
rapid. 

^ Contribution from the Department of Agronomy of tlie Wi«coiisin Agricultural 
Experiment Station, Madison, Wisconsin. Published with the approval of the director. 

4a 
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With the progressive enlargement of the photosynthetic area in plants, 
sufl&cient new foods are manufactured not only to provide for growth exten- 
sions but also to provide for accumulations and storage of such foods for 
subsequent growth. However, when photosynthesis is interrupted by fre- 
quent and complete removals of the green parts, the plant may not have an 
opportunity to replenish the losses of previously stored foods which were 
used up in its regenerative activity. Especially is this true when regen- 
eration of new growth is stimulated by mineral nutrients, moisture and 
temperature, and when photosynthesis is further curtailed by shading or 
other forms of light deficiency. Under such circumstances the growth rate 
soon declines and although the levels of reserves might be sufficient to main- 
tain the existence of the plant for some time, death eventually ensues. 

The data presented in this paper, represent an attempt to correlate cer- 
tain cultural procedures with the utilization and accumulation of organic 
foods. There is a general recognition of the ready response of plants to 
fertilization, moisture and to changes in temperature and light conditions, 
but when cultural practices involve defoliation, the responses are usually 
delayed and are often ascribed to some other cause even though the effe(*t 
on the internal environment may be pronounced and be clearly reflected in 
subsequent growth. Thus alfalfa {Medicago sativa L.) with an abundance 
of stored foods may yifld more during one season of growth if cut fre- 
quently rather than infrequently, but the ill-effects of frequent cutting arc* 
usually pronounced the following season. Similarly, blue grass (Poa 
praiensis L.) may be grazed closely and early for a season or more with 
good results, but the decline in its productivity is certain, even though not 
readily recognized because of wide variations in seasonal conditions, and 
because of the growth of other plants among the blue grass, which have not 
been affected so seriously by the grazing treatment. Food reserves are so 
intimately associated and inter-related with all other limiting factors of 
growth that it is often difficult to differentiate from drought, winter injury, 
infertility, or some other factor or factors, the particular effect a lack of 
such reserves may have played in developing any specific condition undei* 
consideration. 

Reserves in relation to morphology and growth habits 

The wide variations in the responses of agronomic plants to spe- 
cific practices of top growth removal are correlated with some of their 
general characteristics of growth such as the duration of the succulent 
period and the structure and arrangement of the photosynthetie parts. 
Pierre and Bertram (23) have studied the storage of organic foods as they 
affect the tops and roots of kudzu (Pueraria thunbergiana) , a leguminous 
vine which is being utilized for forage in southern United States. Accord- 
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ing to Piper ( 24 ) this is a very late blooming plant with a long period of 
succulent growth, maturing only occasionally in the latitude of Washing- 
ton, D. C. Pierre and Bertram report that, in Alabama, **the reserve 
starch and nitrogen were found to be less than half as much in the roots 
of plants receiving six cuttings per season for two years as in roots of plants 
receiving four or a less number of cuttings.’^ During a period of two 
years, the weight of the roots of kudzu increased 1250 per cent, when the 
top growth was cut but once annually near maturity, while with six cut- 
tings of immature top growth the roots actually decreased in weight. In 
the third year, the yield of top growth from the plants cut six times v^as 
only about one thirty-third of that obtained from plants cut but once 
annually. Other cutting treatments were tried but these will suffice to 
illustrate the marked responses of the kudzu plant to cultural treatments 
which affect the food reserves. With a relatively long period of succulence 
and a rapid rate of growth, several cuttings during the growing season 
apparently give little opportunity for suflScient accumulation of stored 
foods to assure the maintenance of a desirable productivity in this 
perennial. 

The alfalfa plant has a high metabolic activity, with great ability for 
regeneration; and its reserves are rapidly reduced by frequent cuttings. 
It is obvious, on the other hand, that the reserves of small short plants such 
as blue grass {Poa) or creeping bent grasses {Agrostis) would be much less 
affected by frequent mowing with a field mower or a lawn mower, partly 
because of the slow recovery in vegetative extension, and particularly 
because of the greater proportion of the photosynthetic area remaining 
after each cutting. Such green remnants of herbaceous plants have the 
capacity to replenish, in part, the losses of reserves sustained by frequent 
cuttings, close grazing or other forms of removal. Under field conditions 
a much greater proportion of the photosynthetic area of tall, erect plants 
is removed by cutting or by close grazing than is true of plants whose leaves 
diverge largely from short branches of rhizomes or stolons, or of plants with 
short stems and a decumbent or rosette type of growth where the photo- 
sjTithetic area consists largely of basal leaves near the soil surface. The 
general structure of the plant, therefore, has an important bearing on its 
capacity to maintain sufficient reserves for its survival under exacting graz- 
ing or cutting treatments. The persistence of blue grass {Poa), plantain 
(Planfago), dandelions {Taraxacum), purslane {Portulaca), creeping 
spurge {Euphorbia), and many other prostrate plants 'which maintain 
themselves in fields, lawns and pastures is thus explained in part. As 
shown by Graber, Nelson, Leukel and Albert (8) twenty-two close cut- 
tings with a lawn mower did not kill blue grass {Poa pratensis) though it 
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lessened its productivity, while only nine such cuttings resulted in death to 
nearly all the plants of alfalfa. Close cutting of blue grass with a lawn 
mower reduced subsequent productivity much more than ‘Hall’’ cutting 
with the same implement. 

In experiments conducted by the writer (7) during 1929 with blue grass 
seeded in 1928, the simple expedient of setting the lawn mower to cut 
“high” produced a thick turf free of weeds in contrast to one w^hich was 
thin and weedy due to close cutting with the same frequency. An uncut 
remnant of one and one-half inches of the foliar parts of grasses is decid- 
edly more effective in maintaining a satisfactory level of reserves than a 
half inch of such growth. This is not only significant in the maintenance 
of blue grass lawns where density of growth and freedom of weeds are fac- 
tors which add to the value of the turf, but it has applications in the man- 
agement of pastures. Aldous ( 2 ) indicates that the unfavorable effects of 
frequent clipping of prairie grasses are partially eliminated by increasing 
the height of clipping. Stapledon and Milton ( 26 ) report that cocksfoot 
(Dactylis glomerata) plants cut frequently to a six inch level have consid- 
erably outyielded those cut to ground level. The development of tillers 
and roots was also much greater under the less drastic system of cutting. 

* The Hohenheim system 

Recently, investigations have been started in America to determine tlie 
merits of the Hohenheim system of pasture management. In the main, this 
German system involves heavy fertilization (with mineral and especially 
nitrogenous fertilizers) of permanent pastures which are grazed closely at 
intervals throughout the year. It is evident that the success of this system 
of rotational grazing must make provision for the maintenance of a suffi- 
cient surplus of carbohjxlrates. With the stimulus of a liberal supply of 
nitrogen, rapid growth not only consumes organic foods for energj" and cell 
w^all materials, but the carbohydrates are utilized in the synthesis of large 
amounts of proteins. Heavy nitrogenous fertilization of blue grass also 
makes possible the stimulation of top growth at the expense of root gro'svth, 
especially where grazing or cutting is sufficiently delayed to produce etiola- 
tion effects in the buds and meristematic regions of the leaves. However, 
by avoiding extremely early and close spring grazing and by proper exten- 
sion of the intervals between grazing, the maintenance of an adequate car- 
bohydrate reserve is readily made possible. The agronomic importance of 
ascertaining the responses of pasture grasses to varying “periods of rest” 
in rotational grazing is very evident especially under conditions of a very 
favorable soil and climatic environment. 

While judicious fertilization may for a time stimulate the utilization of 
carbohydrate reserves, it is not amiss to appreciate that such stimulation 
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may also accelerate their accumulation when the plant is given an oppor- 
tunity for such storage. Fertilization often trebles the productive capacity 
of blue grass and other pasture grasses grown on soils deficient in general 
fertility. Such enhanced potentialities in the synthesis of foods must 
greatly aid the green remnants which escape grazing to maintain a produc- 
tive level of reserve foods in such grasses. It is primarily when these rem- 
nants are kept sufficiently reduced by close grazing or cutting treatments 
that the stimulation in growth from judicious fertilization is apt to hasten 
the decline of the reserves to a degree of serious curtailment of subsequent 
productivity. 

Survival values and reserves 

Grasses in lawns, golf courses, and pastures may exist for many years 
even though they receive treatments which are not conducive to the main- 
tenance of a high reserve content. It is always to be recognized that plants 
Avilh low supplies of organic foods may survive even though their capacity 
foj* survival is greatly diminished. In extreme cases, however, the main- 
tenance of special external conditions is necessary for such survival and 
the constant watering and careful fertilization of golf greens and closely 
cut blue grass lawns are examples of such effort. Such special conditions 
augment the limited root growth of low reserve plants and aid the synthe- 
sizing areas which escape removal, in maintaining a level of I’eserve foods 
sufficient for the survival of the plants. Under field conditions, however, 
the limitations of root growth, and the modifications of the internal envi- 
ronment resulting from low reserves may reduce the absorptive capacity of 
a ])lant so gr(*atly and may so increase its susceptibility to drought, winter 
injury, Aveed encroachments, insect injurj^ and other hazards as to jeopard- 
ize its permanence. Such secondar}" effects often intensify the influence of 
loAv r(*serves on the productivity of plants, and since they appear so obAU- 
ous, they may cloak this primary cause of many forms of deterioration in 
economic plants. 

Observations made by tlie Avriter (3) in soutliAvestern Wisconsin, where 
permanent blue grass grazing lands have been grazed for thirty years or 
more, have revealed that insect injury from Avliite grubs (Phyllophaga 
S})p.) and weed infestatifuis appeared much more abundant in pastures 
Avhich had been prematurely over-grazed or which Avere deficient in fertility 
or where soils Avere thin and dry due to outcroppings of limestone or flint, 
or where combinations of such conditions occurred. While these factors 
may encourage insect infestations, they also limit the amount of subter- 
ranean groAAdh, and, in general, where such growth was least, insect injury 
Avas most abundant. The survival of economic plants, their productivity 
and their competitive efficiency under field conditions are dependent upon 
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many inter-related factors but organic reserves are among the most 
important. 

The experiments reported in this paper show some of the correlations 
between agronomic practices and food reserves as they affect productivity 
under various soil environments and as they affect the ecological relation- 
ships of such plants under field conditions. Kraus and Kraybill state 
that ‘^a plant at any particular time represents the result of all the envi- 
ronmental forces acting upon it, and it is either in a state of equilibrium 
with such forces or in a state of becoming so adjusted.'^ The adjustment 
of plants to those conditions which are brought about by such cultural 
treatments as grazing, cutting, fertilization and irrigation, is highly com- 
plex and must be approached from a study of both internal and external 
relations. 

Cutting treatments in relation to productivity of blue grass 
with and without fertilization 

Experiment I 

A strip of land on the University Farm, Madison, Wisconsin, classified 
as Miami silt loam, was summer fallowed during 1925, and up to July 22, 
1926, on which date it was sown with blue grass seed {Poa pratensis L.) at 
the rate of 100 pounds per acre. By fall a thick uniform grovrth of grass 
had developed to a height of about four inches. No flower stalks appeared 
that season nor was the grass cut. On April 11, 1927, the grass was rolled 
twice with a three-ton roller so as to produce a smooth surface for uniform 
mowing with a lawn or field mower. The area was divided into four plats 
of 1/35 of an acre, each designated by the letters A, B, 0, and D. Plats 
A and C were not fertilized during the period of the experiment, but plats 
B and D received the following applications expressed in pounds ])er acre: 

March 18, 1927 — 220 pounds of super phosphate (16 per cent. P 2 O 5 ) 

140 x)ounds of potassium sulphate (40 per cent. K.) 

70 pounds of sodium nitrate (16 per cent. N.) 

May 26, 1927 — 140 pounds of ammonium sulphate (20 per cent. N.) 

July 30, 3927 — 200 pounds of ammonium sulphate (20 j^er cent. N.) 

May 15, 1928 — ^200 };>ounds of ammonium sulphate (20 per cent. N.) 

July 32, 1928 — 350 pounds of ammonium sulphate (20 per cent. N.) 

Thus, a total of 79 pounds of elemental nitrogen per acre was applied 
in 1927 and 110 pounds in 1928. The soil was naturally abundant in lime 
and in a fairly high state of fertility. The summer fallowing which pre- 
ceded seeding probably increased the available fertility very considerably. 

In 1927, two different cutting treatments were employed on the ferti- 
lized and unfertilized areas. Plats C (unfertilized) and D (fertilized) 
we3‘e cut six times with a lawn mower (set to mow about one inch above the 
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surface of the soil) on April 6, 29, May 11, 27, June 8 and 24, 1927. Plats 
A (unfertilized) and B (fertilized) were cut only once with a field mower 
when near maturity on June 24, 1927. 

In 1928, the plats or representative portions of them were cut twice; 
once at maturity on July 7, 1928, and again on August 31, 1928. All cut- 
tings were weighed in the green state and a representative sample of from 
500 to 1000 grams was taken for a determination of moisture content so 
as to arrive at the dry weights on the basis of oven-dried grass. No 
attempt was made to accomplish complete desiccation although the samples 
were kept in a drying room for periods of from four to six days at tempera- 
tures ranging from 100® F. to 110® P. which, it is believed, provided dry- 

TABLE I 

Comparative amounts or blue grass (Poa pratensis L.) obtained prom six cuttings 

AT IMMATURE STAGES OP GROWTH AND ONE CUTTING NEAR MATURITY WHEN 
GROWN ON FERTILIZED AND UNFERTILIZED SOIL. BlUE GRASS SOWN 

July 22, 1926. Besults expressed in pounds op oven- 
dried GRASS PER ACRE 


Plot 

Fertilization 

1 Dates and 

AMOUNTS OF OVEN-DRIED TOP GROWTH 
REMOVED DURING 1927 

4/6 

4/29 

5/11 

5/27 

6/8 

6/24 

Total 

(‘ 

None 

244 

255 

332 

156 

133 

149 

1269 

A 

None 






, 2930 

2930 

D 

Abundant 

146 

203 

342 

183 

236 

i 266 

1376 

B 

Abundant 






1 3563 

1 

i 3563 

1 


TABLE II 

The influence of cutting treatments in 1927 on the production of blue 

GRASS DURING 1928 EXPRESSED IN POUNDS PER ACRE 


Plot 

Fertilization 

Dates and amounts of oven-dried top growth 
REMOVED during 1928 

7/7/28 ’ 

8/31/28 ! 

Total 

for 

1928 

Leap 

growth 

Flower* 

STALKS 

Total 

Leaf 

GROWTH 

only 

C 

None 

1 448 

152 

600 

603 

1203 

A 

None 

I 1443 

279 

1722 

1037 

2759 

D 

Abundant 

1609 

353 

1962 

2674 

4636 

B 

Abundant 

i 2630 

i 

523 

3153 

3315 

6468 


' Flower stalks include leaves diverging at nodes. 
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ing to a fairly uniform state. All yields were calculated on the basis of 
such oven-dried hay, and are given in tables I and II. 

Results. — The abundant rainfall, measuring 12.41 inches, during April, 
May and the first 24 days of June, 1927, benefited the growth of the blue 
grass as did also the favorable conditions of the soil on which it grew. 
However, when the cumulative effects of photosynthesis were diminished by 
frequent cuttings, the production of dry matter during a given period was 



Six cuttings of blue grass made with a lawn mower in 1927 on April 6, 29, May 11, 
27, June 8 and 24, not only gave less than half the amount of dry matter obtained with 
one cutting taken near maturity on June 24, 1927, but greatly reduced the productivity 
of the blue grass the following year as measured on July 7 and August 31, 1928. 
Amount of top growth removed is expressed graphically on the basis of pounds of oven- 
dried grass per acre. 
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jarreatly reduced. Thus, on the unfertilized soil, six cuttings of immature 
blue grass (figure 1) yielded but 43 per cent, of the amount of dry matter 
obtained from one cutting near maturity (on June 24) while with fertiliza- 
tion, six cuttings produced only 38 per cent, of the amount of dry matter 
obtained with one cutting. 

The productive responses of blue grass to the fertilizations made on 
March 18 and May 26, 1927, were much less pronounced when six cuttings 
were taken during the spring and early summer period (up to and including 
June 24, 1927) than when one cutting was taken near maturity on June 24. 
Comparing the amount of growth removed from the fertilized and unfer- 
tilized plats of blue grass given identical cutting treatments, fertilization 
increased the yield (table T) of blue grass cut six times, 11 per cent, and 
that cut once, 21 per cent. 

During tlie last six days of June and in July and August, the rainfall 
was only 2.43 inches so that little growth occurred during this period but 
in Sept('niber and October when 10.45 inches of rain fell the blue grass 
made considerable recovery. This growth was not removed, which gave 
excellent o[)])ortunity for fall storage of organic foods. However, the six 
early cuttings prior to June 25, 1927, had a profound effect on the pro- 
ductivity of tlie blue grass in 1928. This is shown by data in table II and 
graj)hieally by figure 1. 

Plats li and I) were fertilized again with ammonium sulphate in 1928 
on May 15 and Jul}" 12, with applications sufficient to apply 110 pounds 
of total elemental nitrogen per acre, while plats A and C remained unfer- 
tilized. All plats were cut when fully mature on July 7, and again on the 
last day of August. This made possible a measurement in 1928 of the 
residual efi'eets of the cutting treatments applied in 1927 on the productivity 
of the grass grown on the fertilized and unfertilized soil. 

Without fertilization the blue grass with “higlP’ reserves produced on 
duly 7, 1928, nearly three times the amount of dry matter (figure 1) 
obtained from blue grass wuth ‘‘low’^’ reserves. With fertilization the 
yields of blue grass wdth ‘‘higlP^ reserves were 1.6 times those obtained 
from the blue grass “low"’^ in reserves. Low reserves imply limited root 
growth, limited absorptive capacity and limited drought resistance, which 
conditions may w^ell have been obviated, in part, by heavy fertilization. 
The designations ^‘low^’^ and ‘Miigh’’ wdth reference to reserves are based 
only on ])revious cutting treatments and not on chemical analysis. These 
comparative terms are used to simplify the discussion. 

It is not assumed that the deficiencies in reserves which w^ere occasioned 
by the six cuttings in 1927 were alone responsible for the reduced yields on 
duly 7, 1928, but in all probability, they w^re of major importance. Cut- 
ting treatments wdiich reduce food reserves tend to retard subterranean 
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growth and may well lower the absorptive capacity of the plants. The 
marked responses from fertilization in 1928, resulting in increases of dry 
matter from 234 to 385 per cent., offer a striking contrast with increases of 
only 11 to 21 per cent, in 1927. In part, at least, such increases indicate 
changes in available fertility (particularly nitrogen) and losses of nutrients 
from the removals of grass in 1927. 

The abundant rainfall during the latter part of June and in July and 
August, 1928, made possible another measurement of the productivity of 
blue grass on August 31, 1928. The fact, however, that the blue grass 
‘Uow’^ in reserves was allowed to mature before cutting in 1928 made 
possible some re-establishment in the supplies of stored foods of the blue 
grass cut six times in 1927. For this reason, the designation, in figure 1. 
for the growth of blue grass after July 7, was changed from ‘‘low reserves 
to “medium reserves’’ to approximate the probable situation of the organic 
foods in relation to the yields of blue grass determined on August 31. 
The growth removed at this time was all leaves, no flowering stalks having 
developed after cutting on July 7. While the grass with high reserves 
again yielded most, whether grown on fertilized or unfertilized soil, the 
differences in yields with reference to reserves are not as pronounced on 
August 31, 1928, as they 'were on July 7, 1928. Allowing blue grass with 
“low” reserves to fuUy mature apparently resulted in sufficient recupera- 
tion of the organic food surplus to increase the general metabolism and 
subsequent summer productivity. Whatever this may have involved in 
the way of additional root and rhizome development or in a greater absorp- 
tive capacity of the subterranean parts or in a greater release of energy 
for more rapid growth, such conditions were not sufficient to restore the 
full productivity of the plants as expressed by the blue grass witli “high” 
reserves. 

Reserve foods and fertilization . — The yields illustrated in figure 1 are 
indicative of the fact that although the soil may be abundantly supplied 
with available nitrogen, phosphorus, potash and all other requisites of 
growth, the plant may be deficient in organic materials for the greatest 
expression of its productive capacity. The productivity of blue grass with 
relation to nitrogenous fertilization is dependent, not only, upon adequate 
supplies of moisture, phosphorus, potash and other limiting elements within 
the soil, but upon the reserve foods within the plant which are also limiting 
factors of growth. A relatively greater response from nitrogenous fertili- 
zation occurred with blue grass having low reserves than with similar 
fertilization of blue grass where the reserves had not been lowered by 
previous cutting treatments. Fertilization during 1927 and 1928 increased 
the yields (taken on July 7, 1928) of blue grass with low reserves 327 per 
cent, in comparison with only 183 per cent, increase from the same fertiliza- 
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tioii of blue grass with high reserves. On August 31, 1928, the increase 
from fertilization was 443 per cent, for the grass then having medium 
reserves compared with 320 per cent, for the grass with high reserves. That 
an explanation of such variations in the responses of high and low reserve 
grass to similar fertilization may rest, in part, on a greater capacity for 
the absorption and utilization of limited supplies of soil nutrients by plants 
having abundant food reserves is indicated by the recent wnrk of Stokes, 
Leukel and Barnette (27). They found in the crowns of Napier grass 
(Pennisetnni purpureum) which had been irrigated for three years with 
sewage effluent, that the quantities of dry matter, various carbohydrate com- 
pounds, total available carbohydrates and total nitrogen were approximately 
three and one-half times that of similar materials in the crowns of non-irri- 
gated plants. The percentages of these organic compounds were quite simi- 
lar, however, in the plants with and without irrigation. ‘‘It is apparent,’’ 
they state, “that the continued large yields of Napier grass silage from the 
irrigated plats after the discontinuation of the irrigation with sewage 
effluent, cannot be explained alone on the basis of a greatly increased soil 
fertility of the irrigated plats nor to water alone as shown by the yields 
of the city \vater irrigated plat.” The production of a larger plant system 
through irrigation wdth sew’age effluent increased the elaboration of organic 
foods, a condition “reflected in the increased growdh of the lower storage 
parts of the plants.” Analysis of crowns subsequent to the discontinuance 
of irrigation, indicated that with a more extensive absorptive system and 
with more abundant carbohydrate reserves, a greater efficiency in the 
utilization of plant nutrients (particularly nitrogen) occurred. 

Growth recovery , — The growth recovery of the blue grass on the fer- 
tilized plats after cutting on July 7, 1928, was much more rapid and uni- 
form at the outset with the grass having been cut six times in 1927 than 
with that cut but once in 1927. During the latter part of July, 1928, the 
former i)lats of blue grass were uniformly green w^iile the latter still 
appeared brown and somewhat patchy, the new^ grow^th not being thick 
enough to liide uniformly the dead leaves of the old stubble. On the imfer- 
tilized plats a somewdiat similar contrast w^as apparent but was much less 
pronounced. It is w’ell knowui that thick stands of the second year’s 
grow^th of sweet clover {Meliloius alha) often fail to recover after late 
cutting. Here the young shoots and axillary buds at the lower nodes of 
the stems have been seriously injured by etiolation from the tall dense 
growdh above but when this legume is grazed or clipped at immature stages, 
sunlight is provided for the basal leaves and buds and they continue to 
develop. 

In this experiment, the growth of blue grass with high reserves and high 
fertility was so rapid and so abundant during early summer that the devel- 
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opment of the buds on the rhizomes or leaves diverj^ing from the upright 
branches of the rhizomes was largely inhibited by the competition of the 
dense growth above. The basal portions of the older leaves were largely 
killed by the effects of etiolation and rather sudden light exposure after 
cutting. These factors involved delay in recovery because subsequent 
regeneration occurred largely from dormant buds on the rhizomes or the 
uninjured leaves of their branches. With less abundant top growth during 
spring and early summer, etiolation occurred to a much less extent and the 
new leaf growth was able to elongate in competition with the older growth 
so that 'when the latter was removed the leaves which partly or completely 
escaped mowing were in a state of growth and continued to develop after 
cutting. 

When comparative yields on August 31, 1928, are considered, it is 
apparent that in this experiment, the productive capacity of blue grass 
well supplied with reserve foods and with abundant fertility was sufficient 
to compensate for the losses sustained by slow recovery resulting from the 
retarding effects of previous heavy growth. Such delayed recovery would, 
of course, prove very disadvantageous in the maintenance of lawns and of 
other turfs where uniformity is desired and it is a factor of importance 
with pasture management where heavy nitrogenous fertilization is prac- 
ticed. When cutting is sufficiently delayed beyond maturity the desiccation 
of the old growth may so reduce its competitive effects that the develop- 
ment of new buds and leaves occurs and recovery after cutting is more 
rapid. 

Ecological considerations . — The amounts of foreign growth in the plats 
during 1927 was very small. Just before cutting the blue grass on August 
31, 1928, the weed growth was considerable, and it was removed from part 
of each plat (1/70 acre) with each species being counted as summarized in 
table 111. On the unfertilized soil, the weeds were ton times more abundant 
in the blue grass cut six times in 1927 than were cut once that 3 "ear. Fertili- 
zation, however, was a very potent factor in preventing the ingress of 
foreign plants. The weeds in the fertilized blue grass cut six times in the 
previous year were onlj^ about one-seventh of the number found in similar 
blue grass growing on unfertilized plats. The failure of the fertilized plats 
of blue grass with ‘‘high’’ reserves to recover rapidly gave purslane and 
barnyard grass a vigorous start before the grass recovered sufficiently" to 
become a competitive factor. Both of these weeds in absence of initial 
competition were favored by fertilization and abundant rainfall which 
occurred during the summer of 1928. Purslane was present only in the 
fertilized plats of “high” reserve blue grass where delay in growth re- 
covery occurred after cutting on July 7, 1928. Barnyard grass and pig- 
weed were most abundant in these plats while other weeds were absent or 
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TABLE III 

Number of weeds in plats op blue grass of one-seventieth of an acre as 

AFFECTED BY FERTILITY, CUTTING TREATMENTS AND ORGANIC FOOD 

RESERVES. Determinations made on August 30, 1928 


Species 

1 Six CUTTINGS 1927 

One cutting July 7, 1928 

j One cutting June 24, 1927 

1 One cutting July 7, 1928 


Fertilized 

Unfertilized j 

Fertilized | 

Unfertilized 

Witch graBS {Panicum 
capillare L.) 

8 

535 

i 

26 

8 

Foxtail {Set aria glauca | 
L.) {Set aria viridis) ' 

48 

' 260 


44 

Purslane {Portulaca 
oleracca) . j 

0 

0 

280 

0 

Barnyard grass {Pani- | 
rum rruagalU L.) 1 

35 

11 

158 

10 

Horseweed {Erigeron j 
canadensis L.) 

0 

234 

0 

22 

Others 

92 

I 1 


20 

45 

Total 

1 i<53 : 

: 1123 i 

1 490 

129 


sparse. Foxtail {8etaria)y witch grass (Panicum), dandelions {Taraxa- 
cum), cinquefoil {Potentilla)^ horseweed (Erigeron), and field sorrel 
(Oxalis) were conspicuous in the unfertilized plats of the blue grass given 
six cuttings in 1927. 

While ail invasion of weeds occurred in some of the plats during the 
summer of 1928, the only foreign growth which was prevalent in 1929 was 
white clover {Trifolium repens). Neither weeds nor clover appeared in 
any of the plats heavily fertilized with nitrogen, but in the unfertilized 
plats especially of the blue grass cut frequently in 1927 white clover was 
very abundant. The generous rainfall during the summer of 1928 made it 
possible for the dormant seeds in the soil to establish seedling plants of 
white clover which, in turn, were protected by an abundance of snow dur- 
ing the following winter. The soil was favorable for growth of this legume 
so that the external environment made possible its sudden appearance in 
the plats of blue grass which had not been fertilized. 

The prevalence of plants other than blue grass in the plats of this ex- 
periment is somewhat analogous to the general situation observed in the 
pasture lands of the blue grass region of southwestern Wisconsin. The 
weed population of grazed blue grass may vary widely in kind from blue 
grass given various cutting treatments, but there are some noteworthy 
similarities. In general, it can be said that those factors which encourage 
the growth of blue grass tend to retard the ingress of weeds or clovers in 
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such blue grass. Thus, in the pastures of southwestern Wisconsin both 
weeds and white clover are generally very sparse where soils are fertile and 
retentive of moisture, and where the blue grass is grazed judiciously and 
is well supplied with reserve foods. See fig. 2 for influence of grazing on 
the flora of blue grass pastures. This condition tends to maintain a heavy 



Fig. 2. Grazing practices influence flora of blue grass pastures. Close, early spring 
grazing has lowered the reserves and the competitive efficiency of the blue grass on th€» 
hillside (to right) and a heavy growth of unpalatable ragweeds (AmbroMa) has occurred 
in the pasture while with deferred and lighter grazing (left) these weeds are absent. 
The portions of the pastures shown above have never been jilowed and although hilly the 
soil is regarded as being in a fairly fertile condition. 

sod and during the spring season, at least, an abundant top growth, both 
of which are effective in preventing the entrance of foreign growths. It is 
not meant to imply that blue grass with optimum conditions for growth 
is able to exclude all forms of weed growth, but rather to indicate that when 
the nitrates and other mineral elements of the soil, and the organic reserves 
of grasses in grazed pastures are maintained in an optimum state, the com- 
petition of the blue grass is usually sufficient to prevent or retard the 
ingress of many undesirable plants as well as desirable ones. 

The requirements of white clover for lime, phosphate, and potash are 
pronounced and when these nutrients are deficient in soils of grasslands, 
this clover is usually sparse and weeds are often abundant. The preva- 
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leuce of this legume in southwestern Wisconsin is also influenced hy cli- 
matic conditions of both winter and summer. It is probably less sensitive 
to drought and surely much more susceptible to winter injury than blue 
grass. 

Many weeds such as ragweed (Amhrosia)^ dandelion (Taraxacum) ^ 
vervain (Verbena), thistle (Cirsium), yarrow (Achillea), and others have a 
distinct advantage in competing with early and closely grazed blue grass. 
Such weeds may prevail because of their drought resistance or because 
of their general structure or inedibility or unpalatability or combinations 
of these characteristics which permit a partial escape from grazing even 
when pastures are heavily grazed. They have the advantage of being 
able to provide for permanence by forming seed and by maintaining 
reserves of organic foods. Tall plants which are palatable and with foliar 
parts located so as to be readily grazed, often disappear or fail to become 
established because with constant grazing they may not be able to form 
seed or maintain an adequate supply of reserve foods for their survival. 

When grasses are permitted to make considerable growth before cutting 
or grazing, they offer greater resistance to the establishment of seedlings 
of foreign plants than if cut frequently. As shown by Graber (4, 6, 6) 
viable seeds of legumes sown on dense sods or where accumulations of old 
grass had occurred, failed to establish plants; but when such old grass was 
burned off, or when the sod was scarified so as to provide soil contacts for 
the viable seeds, the seedings were successful, if soil, climatic and other 
conditions were adapted to their requirements for growth. The oppor- 
tunity for plants to establish themselves by seed dispersal in permanent 
grasslands is dependent upon factors which influence the possibilities of 
soil contacts for the seed as well as an environment sufficiently favorable 
for subsequent development. Such po.ssibilities are often enhanced by the 
frequent removals of accumulations of top growth by close grazing or 
cutting. 

There are, of course, many other external factors, such as climatic con- 
ditions, the prevalence of insects which feed on subterranean growth, the 
acidity of the soil, its content of nitrogen (see fig. 3) and other mineral 
components, its moisture holding capacity and its drainage, all of which 
affect the flora of permanent grasslands; but the factors ■which affect the 
internal environment of pasture grasses are also important. Under the 
complexities of field situations organic food reserves of blue grass as affected 
hy cultural treatments are not only correlated with other factors which 
affect the quantitative responses of this plant, but such surplus foods also 
have an ecological significance in maintaining a high survival value and a 
competitive efficiency when the growth of this important grass is jeopar- 
dized by climatic, insect and weed hazards. 
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Fig. 3. Nitrogenous fertilization curtailed growth of white clover and weeds in 
blue grass. A volunteer growth of white clover occurred only in the unfertilized blue 
grass (left) while its absence in the adjacent plat resulted from abundant applications 
of nitrogenous fertilizers. Photo taken June 25, 1929. 

Nitrogen relations 

Experiment II 

On July 14, 1925, blue grass {Foa pratensis L.), red top {Agrostis alba 
L.), fescue {FesUtca rubra fallax), and timothy {Phleum pvaiense) were 
each sown separately in four plats of one twenty-fifth of an acre each of a 
Miami silt loam soil which had been summer fallowed for two years. A 
thick dense growth of these grasses resulted that year, and they attained a 
height of from three to five inches in the fall of 1925. No cuttings of top 
growth were made in 1925. Beginning in 1926 one-half the area of eacdi 
plat was top dressed with applications of fertilizer on the dates and in the 
amounts per acre as follows : 

April 19, 1926 — 500 pounds of 4-16-6 fertilizer (4 per cent. N, 16 per cent. 

P 2 OB, 6 per cent. KjO), 

July 13, 1926 — 500 pounds of 4-16-6 fertilizer. 

3000 pounds of dolomitic limestone. 

March 18, 1927 — 125 pounds of ammonium phosphate (10.63 per cent. N). 

May 20, 1927 — 125 pounds of calcium cyanamid (21.73 per cent. N). 

July 30, 1927 — 200 pounds of ammonium sulphate (20 per cent. N). 

May 12, 1928 — 125 pounds of ammonium sulphate (20 per cent. N). 
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The fertilized and unfertilized half of each plat was divided into two 
equal parts of 1/100 of an acre each and a plat of each grass on the fCTtil- 
ized area and one on the unfertilized area was cut once with a field na'ower 
when at or near maturity on July 10, 1926. The remaining two plats of 
each grass were cut (with a mower) on May 22, June 12, July 10, and 
August 18, 1926. The yields of the grasses with these cutting treatments 
are given in table IV. 

In 1927, the plats of grass cut four times in 1926 were given a more in- 
tensive cutting treatment by close mowings (about one inch above soil sur- 
face) with a lawn mower on April 6, May 2, 21, 30, June 8, 24, and October 
28. The plats of grass cut only once in 1926 were again cut only once on 
June 24. 1927. 

In 1928, all plats were cut at or near maturity on July 7 to measure the 
after effects of previous cutting treatments. 


TABLE IV 

Nitrooen removed with grasses oivek frequent and infrequent cuttings op top 
GROWTH. Grasses sown July 14, 1925 


Grass 

Fertili- 

zation 

Pounds per acre of oven -dried grass 
nitrogen in grass 

AND OF ELEMENTAL 

1926 

1927 

1928 

No. 

cuts 

Yield 

N 

No. 

(’UTS 

Yield 

N 

No. 

CUTS 

Yield 

N 



1 

5050 

j 

1 58 

1 

1 

4656 

55 

1 

1133 

13 

Blue grass 

None 

4 

6969 

, 199 

7 1 

2093 

57 

1 

764 

12 

(Poa pra- 

A bun- 

1 

4867 

! 72 

1 ‘ 

6424 

80 

1 

4369 

68 

tcnsis L.) 

dant 

4 

7773 

’ 193 

7 ' 

3571 

111 

1 

2804 

61 

Fescue 


1 

5916 

; 10] 

1 

2322 

20 

1 

888 

8 

(Fesivca 

None 

4 

5316 

; 140 

7 

1559 

35 

1 

978 

7 

rtihra 

Abun- 

1 

5895 

i 77 

1 ' 

3335 

45 

1 

3021 

34 

faUax) 

dant 

4 

6030 

’ 175 

7 

2844 

93 

1 

2155 

31 

Timothy 


1 

7119 

87 

1 

4148 

39 

1 

1849 


(Phleum 

None 

4 

4576 

115 

7 1 

1172 

30 

1 

1598 

14 

praien- 

Abun- 

1 

6369 

; 70 

1 

5429 

79 

1 

7078 

62 

sis L.) 

dant 

4 

4288 

’ 107 

7 ! 

! 1981 

65 

1 

5319 

59 



1 

7396 

! 116 

1 

1 j 

3016 

26 

1 

1250 

11 

Bed top 

None 

4 

5917 

1 165 

7 

1667 

45 

1 

1505 

15 

(Agrostis 

Abun- 

1 

6773 

i 78 

1 ! 

5647 

54 

1 

5016 

57 

alha L.) 

dant 

4 

6587 

} 201 

7 ' 

i 2862 


1 

3789 

61 
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Results. — The data in table IV are presented primarily to emphasize 
the important differences in the amounts of nitrogen removed with various 
cutting treatments of the grasses in relation to their reserve content. 
Graber, Nelson, Leukel and Albert ( 8 ) state that with alfalfa “nearly 
twice the amount of total nitrogen was removed in the top growth cut six 
times at succulent stages as in two cuttings taken at the seed stage.’’ This, 
of course, occurred with alfalfa which prior to cutting was well stored with 
reserve foods. With grasses rather similar results have obtained particu- 
larly in 1926 when, prior to cutting, the reserves in all grasses were abun- 
dant and to a less extent in subsequent years when, with frequent cuttings, 
there were sharp declines in yields. The percentage of nitrogen in the 
grasses used in this experiment, roughly may vary from three to four per 
cent, in early succulent stages of growth to less than two per cent, at or 
near maturity. When the organic reserve of grasses are sufficient to main- 
tain abundant productivity with frequent cuttings — as was true in 1926 — 
the removals of such immature growth make for a very heavy draft on the 
available nitrogen supplies in the soil so that nitrogen itself may become 
the limiting factor in subsequent growth. However, when such deficiencies 
are avoided by abundant fertility or by heavy fertilization, the available 
carbohydrates are rapidly reduced and may become the limiting factors of 
growth under a drastic cutting or grazing treatment. This is well illus- 
trated by the yields of 1028 where all the grasses were cut but once at or 
near maturity on July 7. With every grass which was fertilized the yields 
are decidedly less when they had been cut frequently in 1926 and 1927. 
Whether or not frequent cuttings may for a time result in a heavier draft 
on other elements of soil fertility was not ascertained in these trials, but has 
been established by many investigators. 

Orr (22) finds “a seasonal variation in the mineral content of grasses. 
In Scotland they tend to be richest in July and become poorer with the 
advance of the season. This appears to be due not so much to the season 
per se, as to the stage of growth of the plant. At the period when it is 
growing most vigorously and when there is a maximum of leaf full of active 
protoplasm, the mineral content is at its highest. If by repeated cutting 
the plants are prevented from attaining maturity with the accompanying 
increase in fibrous material in the stems and reserve organic material in the 
seed, the period of high mineral content is prolonged.” Similar results 
are indicated by Hopper and Nesbit (10) from studies of the composition 
of prairie grasses in North Dakota. 

While the nitrogen content of the grasses of this experiment (table IV) 
was not affected greatly by fertilization in 1926 probably due to an abun- 
dance of available nitrogen in the soil, the precentage of nitrogen in the 
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grasses in 1927 and 1928 were, with very few exceptions, much higher where 
nitrogenous fertilizers were applied. Such increases occurred at mature 
and immature stages of growth. Cutting treatments also had a subsequent 
effect on the nitrogen content of the grasses. In every case except one, 
the percentage of nitrogen was considerably higher on July 7, 1928, in the 
grasses cut frequently in 1926 and 1927 than in those which had been cut at 
or near maturity in the two previous years. This indicates a carbohydrate- 
nitrogen ratio, which was more favorable for vegetative growth than it was 
for the production of seed. There were external indications of this in the 
appearance of the plats of all grasses in 1929 and 1930, but this was par- 
ticularly true of fescue, blue grass and timothy. 

Ecological ohsert^ations, — That ‘Mow” reserves in grasses resulting from 
frequent cutting and low nitrogen supplies in the soil tend to lower the 
competitive efficiency of grass and thus favor the entrance of foreign plants, 
especially those with a decumbent habit of growth was made evident by the 
general prevalence of scattered jjlants of white clover {Trifolium repens) 
in all the “low” reserve and unfertilized grasses (particularly fescue and 
red top) during 1928. Heavy nitrogen fertilization, however, practically 
eliminated the infestation of this clover. Timothy, low in reserve, was also 
abundantly infested during the summer of 1927 with thyme-leafed spurge 
(Euphorbia maeulata) , a decumbent plant which largely escaped mowing, 
but at times added considerably to the yields. The absence of all types of 
foreign growth w^as conspicuous in the plants of grasses with “high” re- 
serves and abundant fertility. 

Observations made on dune 28, 1929, show again how effectively heavy 
nitrogenous fertilization prevented the invasion of wdiite clover in both the 
“high” and “low” reserve grasses. With the absence of fertilization the 
plats of grasses “low” in reserves were abundantly infested with this clover, 
but it was much less prevalent in the unfertilized plats of high reserve 
grasses. Owing to the abundance of this legume in the unfertilized plats 
during 1929 the collection of data on yields was abandoned. 

Growth recovery , — As >vas true with the blue grass in experiment I, all 
the grasses used in experiment IT were slow to recover after cutting at or 
near maturity and particularly where such grass had, been heavily fertil- 
ized. The grasses on both the unfertilized and fertilized plats which had 
been cut at frequent intervals in 1926 and 1927, regenerated new growth 
with greater uniformity and thickness after cutting on July 7, 1928, than 
grasses cut only at or near maturity. With the latter a tufted type of turf 
was particularly evident in the plats of fescue and red top, and to a much 
less extent in timothy and blue grass. 

A tufted growth in grasses is due largely to short rhizomes and other 
forms of stem growth which radiate outward and which have a tendency for 
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annual increments in numbers and space occupied. When such grasses are 
allowed to mature or approach maturity before cutting it appears as if 
the number of individual plants which survive competition with each other 
is much less than when the aerial competition is reduced by cuttings. This 
is true if such cuttings are at a level and within limits of frequency and 
duration which do not greatly imperil the existence of these plants by ex- 
haustion of reserve foods and the ingress of w^eeds. With fewer plants 
per unit area the stand is compensated for in thickness by the more rapid 
and abundant growth from such plants after recovery has occurred. As 
previously explained, however, recovery in growth after cutting at maturitj" 
may be delayed considerably due to the etiolation and death of many basal 
shoots and leaves occasioned by the density of growth previous to cutting. 
To the contrary, when top growth is retarded by ordinary deficiencies in 
reserves, fertility or moisture, injury to the active basal leaves and buds 
from the growth above is lessened so that recovery after cutting may pro- 
ceed much more uniformly even though less abundantly as far as ultimate 
productivity is concerned. Such conditions give the impression that fre- 
quent cuttings tend to ‘thicken the turf’^ of grasses. If such thickness is 
measured by the number of individual shoots or leaves per unit area and 
by the rate and uniformity of recovery after cutting (important factors in 
the management of lawuis and golf courses) the contention may hold, but 
if this statement includes the concept of productivity as measured by the 
total amount of top growth produced in an extended period, it may be very 
erroneous. 

Top growth and root development of grasses and legumes grown in 
greenhouse under various systems of defoliation 

The efforts which were made to determine the relative amounts of sub- 
terranean growth of the several grasses grown under field conditions in ex- 
periments I and IT were seriously complicated by the great difficulty of 
separating live rhizomes and fibrous roots from those which were dead and 
also from partially decomposed leaves which constituted a considerable part 
of the turf. To obviate these obstacles, cultures of various grasses and 
legumes were grown in pots in the greenhouse. This made possible certain 
degrees of control with reference to the external environment which elimi- 
nated many field complications occasioned by drought, the ingress of weeds, 
insect injury, etc. When food reserves of plants are lowered by cutting 
treatments of the top growth, the losses in yield under field conditions 
which occur subsequently, may be due not only to the limitations of growth 
occasioned by the deficiencies of organic foods in the plants, but to many 
indirect influences such as a greater susceptibility to drought and winter 
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Fig. 4. Growth of red top and fescue grasses after frequent and infrequent cut- 
tings. The grasses in pots B (red top) and D (fescue) were clipped six times between 
September 28 and November 13, 1928, while those in A (red top) and C (fescue) were 
clipped only once on November 13, 1928. The above jjhoto was taken on December 1, 
3928, after 17 days of growth in greenhouse. 

injury, a lessened absorptive capacity for nutrients necessary for growth, a 
decrease in nitrogen supply in the soil and the invasions of weeds and other 
foreign growths. These complications can be avoided in greenhouse cul- 
tures so that tlie specific influence of the organic supply on subterranean 
and top growth can be more adequately measured. This W’as attempted in 
experiments JTl, IV and V. See also fig. 4. 

Experiment III 

On June 26, 1928, eight five-inch pots w^re filled with fertile silt loam 
soil. Four of tliese WTre sown with 0.6 gram each of blue grass seed, and 
four with 0.4 gram each of red top seed. On the same day 16 seeds of 
timotliy were sown equidistantly in each of 9 eight-inch pots filled with 
similar soil. The pots were watered uniformly, and after 24 days of growth 
in a greeiiliouse, a clipjiing treatment w^as begun on 5 pots of timothy, 2 of 
red top and 2 of blue grass. The clippings were made one inch above the 
soil surface and in case of blue grass consisted entirely of leaf growth. The 
clippings of timothy and red top were for the most part of leaves but in- 
cluded some stem tissue. Seven sucli clippings were made on the follow- 
ing dates: July 20 and 25, August 2, 6, 11, 18, and 21, 1928. The grasses 
in the remaining pots were allowed to grow until August 24, 1928. On this 
date all plants were removed from pots with running water. The roots 
were separated from the tops. The dry w^eights of roots from clipped and 
undipped plants at the close of a period of growth of 59 days from date 
of seeding arc given in table V. 




64 


PLANT PHYSIOLOGY 


TABLE V 

Effect of clipping leaf blades of seedling plants of blue grass^ bed top and 

TIMOTHY ON THE AMOUNT OF ROOT GROWTH. PLANTS GROWN IN GREENHOUSE 
FROM SEED SOWN IN POTS OF FERTILE SILT LOAM SOIL ON JUNE 26, 1928. 

Dry WEIGHTS of boot growth determined ON August 24, 1928. 

Total period of growth 59 days 


Kind of grass 

Treatment of 
leaf growth 

No. OF 
pots 

No. OF 
PLANTS 

Dry weight in 
GRAMS OF ROOTS 
OF 100 PLANTS 

Blue grass (Poa pratensis) 

Not clipped 

2 

293 

0.64 


Clipped 7 times 

2 

336 

0.08 

Red tep (Agrostis alba) 

Not clipped . . 

2 

434 

1.82 


Clipped 7 times 

2 

393 

0.10 

Timothy (Phleum prateme) 

Not clipped 

4 

44 

7.89 


Clipped 7 times 

5 

69 

0.55 


Since nearly all the organic substances of the subterranean parts are 
first synthesized in the tops, a larger root growth from the undipped plants 
was to be expected, but the increase from 737 to 1720 per cent, is much 
more than was anticipated. It is significant to add that the 293 blue grass 
plants not clipped l)efore they were removed from the pots produced in 
addition to their root growth, 75 underground lateral rhizomes weighing 
0.13 gram. The plants of clipped blue grass produced no rhizomes. 

Experiment IV 

Thirty pots (five inch) were filled with fertile silt loam soil wiiich had 
been sifted to remove all coarse particles in order to facilitate later removal 
of fibrous root growth of the sweet clover, alfalfa, alsike clover, red clover, 
white clover, red top, blue grass and fescue which were sown broadcast and 
separately in such pots on August 28, 1928. The seedling plants of grasses 
and legumes were allowed to grow in the greenhouse for a month when 
clippings of the leaves (not stems) from the plants growing in one-half of 
the pots were made on September 28, October 4 and 13, 1928. On October 
24, 1928, all the plants, clipped and undipped, were carefully removed 
from the pots with running water, and the roots separated from the tops. 
Dry weights of the total top and root growth during a period of 57 days is 
given in table VI. The plants were watered uniformly by sub-irrigation, 
the pots being kept in water tight wooden flats. Nitrogen in the form of 
ammonium sulphate was added to the water applied so as to maintain a 
vigorous growth. 

The pronounced decrease evident in root growth of all plants with three 
clippings of the foliar parts makes a detailed discussion of the data in table 
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TABLE VI 

Effect of clipping leaf growth of seedling plants of red clover, sweet clover, 

ALFALFA, ALSIKE CLOVER, WHITE CLOVER, RED TOP, BLUE GRASS AND FESCUE ON THE 
AMOUNT OF TOP AND ROOT GROWTH DURING A PERIOD OF 57 DAYS OF GROWTH IN 
GREENHOUSE FROM DATE OF SEEDING ON AUGUST 28, 1928, TO DATE OF 
REMOVAL OF PLANTS PROM POTS ON OCTOBER 24, 1928 


Plant 

! 

! Num- 

, BER OF 

POTS 

Num- 
ber OF 
PLANTS 

j 

Number of 

CLIPPINGS 
PRIOR to 
Oct. 24 

Grams of total 

DRY ROOT 
GROWTH PER 

100 PLANTS ON 
OcT. 24, 1928 

Grams of total 

DRY TOP GROWTH 
PER 100 PLANTS, 
INCLUDING THAT 
PRESENT ON 
OCT. 24, 1928 

Red top . . 

2 

46 

0 

Ji.65 

4.83 

I 

! 2 

1 

62 

3 

2.17 

0.33 

1 

Fescue 

2 ! 

68 

i 0 

6.15 

1.18 


2 i 

59 

3 

1.58 

0.25 

Blue grass 

2 

66 

0 

3.61 

0.72 


2 

29 

3 

1.44 

0.24 

Sweet clover .. | 

1 

8 

0 

35.13 

3.92 


1 

11 

3 

5.63 

0.64 

Alfalfa 

2 

24 

0 ' 

13.46 

3.00 


2 

21 

3 

6.57 

0.68 

Alsike clover 

2 

39 , 

0 i 

10.20 

1.65 


o 

15 

3 

3.29 

0.39 

White clover 

2 

53 

0 

10.09 

1.77 


o 

31 

3 

2.37 

0.28 

Red clover 

o 

46 

0 

11.00 

2.31 


») 

36 

3 

3.38 

0.27 


VI unnecessary. With the loss of photosynthetic area and the utilization 
of reserves in the regfcneration of new jyrowtli following the three removals 
of leaves, the amount of top growtli produced with 57 days of growth fol- 
lowing seeding was also very much less for the clipped plants. 

Experiment V 

Plants of blue grass, fescue and timothy were established in eight-inch 
earthen pots (six-inch pots in case of fescue) filled with a mixture of quartz 
and sifted fertile loam soil. The seed was sown on November 1, 1928. The 
number of plants which became established in each pot under the condi- 
tions of greenhouse culture varied from two to nine although in 76 per cent, 
of the pots the number of plants ranged from four to six inclusive. The 
pots were kept in water tight wooden flats which made possible uniform 
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applications of water to each plant as well as uniform amounts of potas- 
sium nitrate and ammonium phosphate which were added from time to time 
in solution so as to provide for optimum growth. 

All the plants grew for 81 days, when on January 20, 1929, the top 
growth was cut one inch above the soil surface. On this date the plants 
were "well established, but with no external evidence of inflorescences, ex- 
cept in the case of timothy where several spikes appeared. The older leaves 
of fescue had made a healthy dark green growth of from 4 to 6 inches in 
length, those of blue grass 6 to 9 inches while the older timothy stems had 
grown from 8 to 12 inches. The top growtli of the plants in four pots of 
fescue, three of blue grass and four of timothy were cut again in a similar 
manner on Januarj^ 30, February 5, 14, and 23. On the last date a second 
cutting of top growth was taken from the plants in the remaining three 
pots of fescue, three of blue grass and four of timothy. The five cuttings 
on part of the plants and the two cuttings on the remainder will be referred 
to hereafter as pre-cuts. Such cuttings were dried and weighed and the 
data are recorded in table VII. 

On March 7 and March 12, 1929, clippings were again made on the 
grasses in all pots after which they were allowed to grow for a period of 
43 days before the last cutting was taken on April 24. These cuttings were 
dried and weighed and will be referred to as recovery-cuts. On April 24, 
neither fescue nor blue grass had produced flower stalks while a few flower- 
ing spikes of timothy were present. The amount of top growth separated 
from the roots on April 24 is indicated in table VII. It consisted almost 
entirely of leaves in the ease of fescue and blue grass, but of stems and 
leaves in the case of timothy. 

On the day of the last cutting (April 24) the plants were removed from 
the pots and washed. The roots were separated from the top growth, and 
from the rhizomes in the case of blue grass, while with fescue the very short 
rhizomes were regarded as top growdh and the fibrous root growth only was 
separated. Timothy roots were separated at the base of the stems. 

The total period of growth for all plants from November ], 1928, the 
date of seeding, to April 24, 1929, the date of the last cutting of top growth, 
and the separation of roots from stems was 175 days. During the first 81 
days, the plants were unmolested ; during the second 34 days, the x)re-euts 
were made, and during the last 60 days, the three recovery-cuts were taken. 

Even though the grasses were well established with a root development 
of 81 days of uninterrupted growth before cutting treatments were begun, 
five pre-cuts of top growth yielded only one-third to one-half the amount 
of dry matter obtained from two pre-cuts. The five pre-cuts Avere taken 
(table VIT) on January 20 and 30, February 5, 14 and 23, 1929. The two 
pre-cuts were taken at the beginning and the close of this period of 34 days. 
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On March 7, twelve days after the last pre-cut was made, the first recov- 
ery-cut was taken on all the plants. Five days later (March 12) a second 
recovery-cut was taken. Both of these recovery-cuts consisted of succulent 
leaf growth varying in length from 1 to 2 inches. The grasses with only 
two pre-cuts made a growth recovery w^hich quantitatively was several 
times that of the recovery-cuts on grasses with five pre-cuts. A third recov- 
ery-cut was made forty-three days later on April 24, 1929. At this time, 
the amount of top and root growth was much smaller with grass plants hav- 
ing been given five pre-cuts instead of two. The three additional pre-cuts 
made on January 30, February 5 and 14 greatly decreased subsequent pro- 
ductivity and constituted the only controlled factor of variance in the 
experiment. The greater number and quantity of rhizomes in case of blue 
grass given two pre-cuts is substantial evidence of the ready influence which 
cutting treatments of top growth ma}'' exert on subterranean development. 

Summary 

Marked quantitative responses of root, rhizome and to]) growth of vari- 
ous grasses (blue grass, red top, fescue and timothy) grown under field and 
greenhouse conditions are correlated Muth cutting treatments which aifect 
the internal environment. Not only did the amount of subterranean 
growth and total weight of top growth, idtimately, tend to vary inversely 
with the frequency of defoliation but reduced growth sometimes occurred 
for several months subsequent to excessive defoliations. It is clearly evi- 
dent that the productive capacity of grasses is not only dependent upon 
adequate supplies of available nutrients and moisture combined with favor- 
able light and temperature conditions but also upon the food reserves of 
the plant. 

When photosynthesis is interrupted by frequent removals of top growth 
the limitations of subterranean development may involve greater suscepti- 
bility to drought, lessened absorptive capacity and increased winter and 
insect injury. 

The capacity of the plant for maintaining a surplus of organic foods is 
generally enhanced Avhen its morphology or its inedibility or unpalatability 
or the type of grazing or cutting is such that a considerable portion of the 
photosynthetic area escapes removal. Such plant characteristics along 
with variations in the duration of periods of succulent growth explain, in 
part, the wide differences in responses of various agronomic plants to spe- 
cific removals of top growth. 

Frequent and close removals of the succulent top growth of grasses hav- 
ing abundant reserves make for a heavy draft on the supplies of available 
nitrogen in the soil so that the first important factor of growth limitation 
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may be nitrogen deficiency. When regeneration is constantly stimulated 
by a fertile soil or by abundant mineral and especially nitrogenous fertiliza- 
tion, the carbohydrate reserves are rapidly consumed and with slight oppor- 
tunity for replenishment they often become the principal factors limiting 
growth. 

When an abundant growth of blue grass occurs with fertilization and 
delayed cutting, the recovery after such cutting is often slow and uneven 
due, in part, to etiolation and the death of many basal leaves occasioned by 
the dense growth above. Such delay in recovery may, under favorable 
climatic conditions, encourage the ingress of certain weeds and may prove 
significant in the management of heavily fertilized pastures or of turfs and 
lawns where uniformity is desired. 

Organic food reserves have a significant ecological relationship, espe- 
cially with reference to the flora of grasslands. Aside from the occurrence 
of weeds with delayed cutting, the maximum competitive efficiency of benefl- 
cial grasses, as measured by invasions of other plants among them, occurred 
generally, when optimum fertility was combined with those practices of 
cutting or grazing which maintained a productive level of reserve foods in 
such grasses. 

The University of Wisconsin, 

Madison, Wisconsin. 
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SOME REACTIONS OP THE BANANA TO PRESSURE, GRAVITY, 

AND DARKNESS" 

Alexander F. Skutcu 
(with fourteen figures) 

I. Introduction 

The reactions of growth of the typical dicotyledonous plant to the direc- 
tive stimuli of its environment, especially to light and gravity, are described 
in every elementary text-book of botany. The examples chosen to illustrate 
these responses are almost always plants with a terminal growing point and 
elongated internodes. When we try to picture the behavior, under the same 
conditions, of a monocotyledonous plant provided with a massive false-stern, 
its true stem condensed to the utmost possible degree, and its growing point 
buried beneath a dozen layers of thick leaf bases, we are faced with a lack of 
precise information. Assuming, for the moment, the same inherent physi- 
ological tendencies in the rapidly growing portions of the banana or a simi- 
lar plant, that we recognize in the shoot of a mint or a composite, it is diffi- 
cult to imagine how these tendencies can find expression, since the young 
organs are imprisoned in a massive panoply of protecting leaf -bases. What, 
for example, would be the behavior of a banana plant placed in a horizontal 
position? The following experiments were undertaken in an attemjit to 
clear up this problem. 

Tn an earlier paper (6) 1 described the structure of the false-stern of the 
banana, but it may be convenient to characterize it briefly here. The stem 
of a plant which has not yet begun to ‘ ‘ shoot, or produce its inflorescence, 
is a massive rhizome, expressively termed a ‘‘bulb’’ by the banana grower, 
the diameter of which usually about equals or sometimes exceeds its height 
(fig. 7). On the lateral and upper surfaces of this organ the leaf-sheaths 
are inserted in close contact with each other. In the center of the leaf -bases 
is the upwardly directed terminal growing point of the rhizome, which is 
very low, or even sunken beneath the portions of the rhizome on either side 
of it. The closely-overlapping leaf-sheaths form a tall and slender false- 
stern, the structure of which is best explained by reference to figure 1. The 
young leaves formed at the growing point must perform a long journey 
upw^ard through the center of this false-stern before they can finally expand. 
Only when the plant reaches maturity and prepares to flower does the true 
stem begin to elongate and push up in the midst of the leaf-sheaths. It then 
forms a columnar shoot, rather thick, but totally unable to support itself 
when deprived of the enclosing leaf -sheaths. Upon it are borne, at intervals 

1 Botanical Contribution from the Johns Hopkins University no. 110. 
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1 10. 1. DiagrfiiniHjitic (‘ross-sectioii of falsc-ateiii. For clearness, sheaths lia\e 
been He]mrated from each other in drawing, actually they are in closest contact. Promi- 
nent laennao occu])y the greater portion of their interior. Tn center is lamina of emerg- 
ing leaf. A large false-stern is made np of many more leaf -sheaths than are shown here. 

increasingly distant, the largest leaves produced by the plant. Finally it 
emerges from the top of the false-stern and gives rise to the familiar pendent 
inflorescence. It is only with the younger plant, whose stem has not yet 
begun to elongate, that the present experiments deal. 

II. Distribution and rate of growth 

111 order to understand the reactions of the banana to darkness and 
gravity, it is essential to know the rate and especially the distribution of 
elongation of the leaf sheaths. The sheath of the newly apx)earing lamina is 
in all cases elongatijig the most rapidly, but the sheaths of several of the 
older leaves surrounding this are at the same time making considerable 
growth. The prolonged though slight growth at the bases of the older 
sheaths will prove of great importance when we come to consider the geo- 
tropic erection of the false-stern. 

The differentiation of the leaf of the banana is basipetal (7). AVhon the 
lamina first peeps forth from the top of the false-stern (see 6, fig. 9) it is 
full grown. The sheath, wdiich up to this time has lagged behind in growth, 
now begins to elongate rapidly. The greatest growth occurs in its basal por- 
tion, which has remained the least differentiated. The localization of growth 
in the base of the leaf-sheath here described rests solely upon anatomical evi- 
dence, since it has been found impossible to uncover portions of a rapidly 
elongating sheath, by removing segments of the older, enclosing sheaths, and 
mark it for gro^^th measurements, without seriously disturbing its growth 
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(see section ITT). However, the vertical separation of the transverse septa 
or diaphragms (which diflFerentiate very early) in various regions of the 
sheath, when compared with their separation in corresponding regions of a 
mature sheath, affords a ready method of determining the regions of great- 
est elongation. This method has proved of importance in some of the ex- 
periments which follow. 

In determining the rate of elongation of the various leaves, the following 
method was employed. At the top of the sheath of the fifth leaf from the 
apex of the false-stern, a scratch was made extending from its margin on to 
the outer face of the next sheath within. The point of a scalpel, dipped in 
India ink, was found most convenient in making an enduring and easily 
recognized mark. The successive leaves were similarly marked, and the tip 
of the emerging leaf was measured in relation to a fixed point on the young- 
est fully expanded leaf. Thus the elongation of any leaf during a given 
])eriod may be found by adding the partial increments of all the sheaths 
below. 

The absolute rate of emergence of the leaf depends, other things being 
(vpial, upon the height of the plant, for the taller plants have longer leaf- 
sh(‘aths, and these in turn possess longer growing zones. The growth of the 
(‘merging leaf is extrcnudy rapid. Maxwell. (3) found a maximum rate of 
21 cm. per day, while the writer, ])robably because he measured larger 
l)lan1s, recorded a maximum rate of elongation of the sheath of .‘15 cm. in 24 
hours, on a vigorous plant of Musa sapienUim subspecies Heminifcra with a 
fals(‘-stem about 3 m. high, growing near Almirante, Panama, during the 
rainy season. 

Taken from the time the leaf peeps forth from the top of the false-stern, 
the slu'ath shows an increasing daily rate of elongation until a day or two 
before the lamina begins to unfurl (see fig. 2). Before unrolling, the lamina 
stands uji above the false-stern like a slender rod. The process of unrolling 
begins at the apex, and for plants growing rapidly in a favorable environ- 
ment re(j Hires from 1 to 4 days for completion, according to the size of the 
leaf and the vigor of the ])lant. During the period of unfurling, the daily 
rate of elongation of the sheath falls rapidly, then sinks more slowly until, 
when the following leaf appears, it is making 4-6 cm. growth per day (in 
plants 2-3 m. high under good growing conditions). The sheath continues 
to elongate more slowly for several weeks, and even after the second subse- 
quent loaf lias fully expanded, it usually makes 1 or 2 mm. growth per day, 
while a very slight growth can be detected after the third subsequent leaf 
has expanded. To state the same facts somewhat dilferently, at any given 
time the sheath of the emerging, still furled leaf shows the maximum rate of 
elongation, the first leaf below elongates 1-6 cm. daily, according to the 
period which has elapsed since its own expansion, the second leaf below 
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14 H) 18 20 22 24 20 

December, 1928 


Fig. 2. Rate of growth of banana leaves. (Tra])hs I and TT give growth of two 
leaves from time of first appearance at top of false-stern (I on Dec. 12, TT on Dec. 14) 
to after appearance of following leaf. A -beginning, B - completion of unfurling of 
lamina, C = time of appearance of next leaf. Graph TIT gives growth of leaf preceding 
I on same plant during same period. Graph I as far as then graph TTT accordingly 
give a fair picture of growth of leaf for a 4-week period. 


elongates a few millimeters, while the third and sometimes the fourth show 
a slight and irregular growth. During the period from 12 : 30 P. M. De- 
cember 17 to 12 : J30 P. M. December 18, 1928, the leaves of four plants grew 
as follows: 

Plant A B C I) 

Emerging leaf (still furled) 170 mm. 346 mm. 349 mm. 16,3 mm. 

Next older leaf (completely expanded) 27 22 19 13 

Second older leaf .3 I 8 1 

Third older leaf 10 3 0 

III. Pressure of growth 

Great pressure is required to force the emerging leaf upward through 
the false-stern of a large plant. Each sheath fits tightly over those within 
it, and there is no wasted space. A leaf emerging from the top of a false- 
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stem 3 m. high is closely embraced by the sheath of the next-older leaf 
throughout this distance. If it is elongating at a rate of 30 cm. per day, 
while the sheath of the enclosing leaf is pushing upward at the rate of 5 
cm. in 24 hours, then the former must slide through the latter for a distance 
of 25 cm. Since the growth of both sheaths is largely basal, this relative 
rate of motion holds good throughout most of the 3 m. stretch. The sheath 
of the second leaf, growing 5 cm., must slide upward through that of the 
third, and the third through the fourth, as long as growth continues. All 
surfaces of contact between the sheaths are covered with a smooth cuticula, 
which eases the sliding motion. 

The work which the leaf must perform in emerging from the false-stern 
is still further increased by the necessity to spread apart all of the older 
sheaths as it pushes upward, because it expands gradually toward the base. 
Its action is that of a gently tapering entering wedge or cone. The expan- 
sion of the false-stern by the emerging leaf necessitates the lateral movement 
of both faces of each older sheath over all adjoining faces. In addition, 
these sheaths must experience a considerable change in the shape of their 
cross-section as they are pushed outward (compare the outer with the inner 
sheaths of fig. 1 ) . The sheaths remain to a certain extent plastic and cap- 
able of slow growth-adjustments for a long time after they have ceased 
growth in length. The gradual maturation of the lignified mechanical 
elements of their tissues, which are not completely developed until the 
sheath comes to lie at the surface of the false-stern, as a result of the dying 
and shedding of those exterior to it, is significant in this connection ( 6 , pp. 
351-352). 

If one cuts out a length of false-stern of say 30 cm. or more and tries to 
push or pull forward the portion of the emerging leaf included in it, he 
will find all of his strength of little avail in budging it. Its movement is 
possible only as a result of the slow, uniform adjustment of all the com- 
ponent parts of the false-stern to the growth pressures prevailing in it. 
The whole dynamic system is most delicately adjusted and is easily upset. 
The sheaths of the emerging leaves of four large plants were exposed by 
the removal of a rectangular section from all of the sheaths exterior to 
them, at a point somewhat below mid-height of the false stem (fig. 3). The 
operation was performed carefully, and the sheath of the emerging leaf 
was not injured. The cavities were filled with moist absorbent cotton, and 
wrapped to prevent the drying of the exposed surfaces. The experiments 
were performed during a rainy period, and the plants showed no indica- 
tions of wilting as a result of the loss of a portion of their conducting 
system. The length of sheath thus exposed was 13-20 cm., the plants 
having false-stems 2.1-2.6 m. high. In no case did the leaf with a portion 
of the sheath exposed complete its emergence, although that with only 13 
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Flos. 3-4. Flo. 3 (left) effect of exposing slioiitli of eiuerging leaf (see te.\l, p. 77). 

Ojieration performed April 3, pliotogra plied April .•). Fig. 4 (right) same 
]>laiit on June 4, showing production of forked false-stem. 

cm. exposed pushed upward 60 cm. after the oi)eration. In all of the others, 
the exposed length of tlie sheath began to bulge into the cavity formed in 
the side of the false-stem (fig. 3). The sheath, devoid at this stage of 
lignified elements, bnt consisting almo.st entirely of delicate thin-walled 
cells and large lacunae, was not sufficiently rigid to transmit the thrust of 
the growing base to the more apical regions of the leaf. The subsequent 
leaves burst through the top of the loop thus formed, and eventually a 
plant with a forked false-stem was produced (fig. 4), a phenomenon which 
I have never seen under natural conditions. Occasionally, however, one 
finds an inflorescence which has bur.st through the side of the false-stem, 
instead of emerging from the top, because some abnormal condition in the 
upper portion of the false-stem prevented its appearance in the usual 
manner. 
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The pressure, under which the tissues in the basal portion of the sheath 
of an emerging leaf are laboring, may be demonstrated in another way. 
Three large plants, with false-stems between 3 and 4 m. high, were marked 
for growth measurements as described above, and the growth determined 
at 30 minute intervals for 3 hours. The false-stern was then severed cleanly 
in the middle by a long, sharp knife. Almost instantaneously the cut end 
of the most rapidly growing sheath sprang up a few millimeters above the 
surface of the stump, a result of the release of the pressure against which 
it was growing. The total elongation of the emerging leaf was now deter- 
mined at 15-minute intervals by adding (1) the emergence above the cut 
surface of the stump, (2) the emergence from the cut end of the top of the 
plant, (3) the emergence from the top of the false-stern in the normal 
manner. The portion included in the severed apical half of the plant was 
now pushing out at both ends, despite the fact that it was dissevered from 
its water supply, but the basal half of course made the greatest growth. 


Rate of growth during 
hours ijcforc operation 
Plant 1 34.7 miii. per liour 

Plant 2 12.7 

Plant 12.0 


Rate during first 15 Increase 

minutes after operation in rate 

72 min. jier hour 4.9 times 

84 6.6 << 

108 9.0 << 



1 2 3 4 5 

Time in Hours 

Fig. 5. Effect of relieving pressure on sheath of emerging leaf by cutting off top of 
false-stern on its rate of growth. X marks the point when the 
false-stern was severed. 

After the first fifteen minutes the gro^wth rate gradually fell, but only 
after 2-3 hours did it decrease to its value previous to the operation (see 
fis. 5). 
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IV. Reactions to gravity 

Erection op seedlings 

Vigorous young seedlings readily execute geotropic curvatures. On 
March 9, at 8 A. M., a gardener’s flat containing several dozen seedlings of 
the abaca (Musa textilis Nee) was set on edge, so that the plants were hori- 
zontal. The majority of the plants were 5-7 cm. in total height, and had 
produced 6-7 plumular leaves. By the afternoon of March 11, they had 



Fig. 6. Erection of seedling abacd (Mma texUUs) in 56 hours after being placed 

horizontally. 

bent upward until their false-stems formed angles of 80°-90® with the 
horizontal. The curvature had taken place at the base of the false-stern, 
and was produced by the growth of the leaf -sheaths (see fig. 6). 

Erection of older plants 

Banana plants of seedling origin when overturned preserve their ability 
to erect themselves from the base for a surprisingly long period, and the 
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largest plants tested had not yet lost this capacity. In the spring of 1929, 
a number of hybrid plants grown from seed, with f alse-stems ranging up to 
2 m. in height, were available for experimental purposes. They were rooted 
in the ground, and were too large to be successfully transplanted to pots 
or boxes. Accordingly the soil on one side was gently loosened with a 
pitchfork, and the plants were slowly tilted over until they made an angle 
of 15°~45® with the ground, when the earth was again packed around the 
roots. The plants suffered little injury from this treatment, and remained 
fresh and turgid. 

In the first experiment 19 plants, with false-stems ranging from 50 to 
150 cm. in height, bent upward through 20®~50‘’ in one week. In the 
second experiment, on April 8, 22 plants ranging up to 202 cm. in height 
were tilted over in the same manner, until they made angles of 20°— 45® 
with the ground. During the first week most of them curved upward 
through 20®~45®, so that the most advanced now inclined only 5®-15® from 
the vertical. A number were now dug up for anatomical study. The basal 
portion of the plant was cut in half longitudinally along the plane of 
curvature, and the actual curvature presented by the section was mea- 
sured as accurately as possible by the use of two rulers and a protractor 
(see table 1). The plants which were allowed to remain in the ground 
were in a few weeks practically erect again, and continued to grow normally. 

The largest (but not the tallest) plant used in these experiments had a 
false-stern 189 cm. high, and 20 cm. in diameter at the base (see fig. 8 and 
table I, plant 10). The total height to the tip of the leaves was 385 cm.. 


TABLE I 

Effects of setting banana plants in an inclined position 
Inclined on April 8th, dug up and measured April 16-18th 


No. 

Height 

OF 

FALSE* 

STEM 

Total 

curva- 

ture 

Curvature 

OF FALSE- 

STEM 

Curvature 

ascribed 

TO 

RHIZOME 

Diameter 

OF 

RHIZOME 

Thickness 

OF CORTEX 

Lower 

SIDE 

Upper 

SIDE 


cm. 




cm. 

cm. 

cm. 

1 

156 

o 

CO 

22° 

13° 

13.0 

3.1 

2.1 

2 

93 

45 

30 

15 

7.5 

1.8 

1.2 

3 

145 

35 

27 

8 

9.0 

2.5 

1.4 

4 

202 

34 

17 

17 

15.3 

4.0 

2.7 

5 

190 

37 

23 

14 

11.5 

2.6 

2.1 

6 

■ 131 

39 

27 

12 

7.1 

1.8 

1.0 

7 

126 

40 

28 

12 

7.4 

2.1 

1.2 

8 

118 

30 

14 

16 

6.6 

1.8 

1.4 

9 

89 

25 

15 

10 

5.5 

1.4 

1.2 

10 

189 

30 



20.0 

4.4 

3.7 



82 


PLANT PIIYSIOLCHIY 


and the largest leaf possessed a blade 173 cm. long. In 8 days, this plant 
changed its angle of inclination through 30°, from 45° to 75°. The weight 
of the aerial portions (false-stern and laminae) was 15 kilograms, and the 
center of gravity of the leafy stem was 92 cm. above the bulb. Uiifortu- 



Fia. 7. liongitudnial section through base of falso-steiu and rhizoiue of l)auana 
hybrid (seedling origin) inclined at angle of 15° Avith horizontal March 0, dug up April 
6, after it had curved ui>\vard about 70°. Note greater thickness of false-steni and cor- 
tex of rhizome on lower side. (\ 1.) 

nately the system is too coiu])lex to allow the computation of the pressure 
on different portions of the bulk from these data, but some idea of the 
magnitude of the work performed in erecting this stem may be gained from 
tile observation tljat 1 Avas not strong enough to support the false stem at 
its original angle of inclination, wlien holding it at its base. 

The mechanism of this geotropic curvature is complex; two distinct 
factors are involved in it: (1) the curvature of the bases of the leaf-slieatlis 
and (2) the enlargement of the lower side of tlie rhizome, especially its 
cortex. While the participation of these two distinct regions in producing 
the total curvature is perfectly clear, t]\e part played by each separately 
is in practice extremely difficult to determine. By measuring the bases of 
plants sectioned longitudinally, such as that represented in figure 7, I 
endeavored to determine the degree of curvature to be attributed to each 
region. The difficulties of measuring these two values separately are very 
great, and the values recorded in columns 4 and 5 of table 1 are presented 
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Fic. S. BannnJi ])Umt im'lined at angle of 45° on April 8, photographed April 16, after 
it had bent npward 30°. Note curvature at base of falso-steni. 

with diffidence. The results indicate that from to of tlie total upward 
movement is a result of the activity of the “bulb.’’ 

('onfiiiing our attention first to the rhizome, it is found that certain very 
definite anatomical changes are induced there as a result of placing the 
plants ill the inclined position. The cortex becomes very much thicker on 
the lower than on the upper side (see table T). This is brought about by 
the enlargement and division of the large, thin-walled, starch-laden mature 
cells of the ground parenchyma on tins side. In the outer cortex, they 
elongate most strongly in the direction parallel to the surface (and to the 
long axis of the plant) and divide by one or more transverse w^alls. In the 
inner region of the cortex, the direction of elongation is not so regular, the 
long axes of the cells becoming often more or less strongly oblique, and 
the positions of the cross-w^alls are correspondingly irregular. Even a 
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month after the plants were turned over, the partition walls formed sub- 
sequent to the operation were quite distinct, since the original cell wall was 
still clearly recognizable, and the internal division walls were thinner and 
more delicate. Compared with the cortex on the lower side, that o|i the 
upper side was composed of smaller cells with walls very noticeably thicker, 
which were not strongly elongated in any particular direction and, except 
in rare cases, showed no evidence of the recent division of the matuTe cell. 
The exhaustion of starch on the lower side of the rhizome was very striking. 


TABLE II 

Increase in thickness of lower side op false-stem placed in 
INCLINED position 


Plant no. 

Thickness, lower side 

Thickness, upper side 


cm . 

cm . 

11 

4.2 

3.2 

12 

8.4 

7.1 

13 

2.4 

2.5 

14 

3.4 

3.0 

15 

3.9 

3.3 

16 

4.1 

3.4 

17 

,3.5 

2.7 

IS 

3.3 

2.9 

19 

3.1 

2.6 


Tlie starch grains here were few in number and mucli smaller tliaii those 
in corresponding regions of the upper side. Warner (9) found an in- 
crease in reducing sugars on the lower side of horizontally placed shoots of 
Heluinthus annuus and Silphiunt perfoliattim. No tests for sugars were 
made in the banana rhizomes, but it is probable that the starch was con- 
verted into sugar, a portion of which at least was utilized in performing the 
work of raising false stems. 

In the region of curvature, the false-stem was distinctly thicker on the 
lower (convex) than on the upper (concave) side (see table II and fig. 7). 
The increase in thickness of the leaf -sheaths lying on the lower side is a re- 
sult of the enlargement, without division, of their component cells. Since 
the ground parenchyma was already very thin-walled, no decrease in the 
thickness of the walls of these cells could be observed. The disappearance 
of starch grains from the cells in the leaf -sheaths on the lower side of the 
false-stem in the region of curvature was very pronounced. In sheaths 
laterally situated, it was found that the lower flank was far poorer in starch 
than the upper flank of the same sheath. It is of interest that the grains 
in the '‘starch-sheaths'’ surrounding the vascular bundles showed no ten- 



SKUTCII : BANANA REACTIONS TO PRESSURE, GRAVITY, DARKNESS 85 

dency to diminish, even when the starch was practically exhausted from the 
other cells in the same region of the sheath. Evidently these persistent 
grains serve as statoliths. 

The geotropic erection of the false-stern is not brought about merely by 
the agency of the sheaths of the two or three inner, actively growing leaves. 
That these leaf-sheaths are capable of exerting great pressure, at least 
under certain circumstances, will be made evident in the next section, but 
it is diffcult to understand how, with their soft tissues and the internal posi- 
tion which places them at a mechanical disadvantage, they would be able to 
exert the pressure necessary to erect the large plants in question. The one 
or two outermost sheaths on the lower side, the laminae of which are dying 
or dead, are sometimes split neatly across the thick basal portion, giving a 
vivid sense of the great forces displayed in the upward curvature of the 
false-stern. At other times, they may slip over the inner sheaths without 
becoming torn. But aside from these, all of the sheaths on the lower side 
(their number varies with the age of the plant) take an active part in the 
curvature. This is indicated by several circumstances. (1) The great 
separation of the transverse septa in the base of these sheaths shows that 
they have elongated in this region. (Compare the interval between these 
septa in the sheaths on the upper and low’er sides of the plant in figure 7). 
(2) When the false-stern is cut across in this region, the outer sheaths on 
the lower side elongate, indicating that they were in a state of compression, 
and not passively stretched. (3) These sheaths are thicker than correspond- 
ing sheaths on the upper side, and are decidedly poorer in starch grains, 
evidence that active changes have taken place in them. 

In the region of curvature, the fibres, though thick-walled in the outer 
sheaths, are generally not lignified. The hypodermal cells likewise do not 
become lignified at this level. Thus the stretching of the older sheaths is 
more comprehensible. 

Bucher (1) described under the term geotrophism the anatomical 
changes which occur in an orthotropous, herbaceous shoot, still capable of 
growth, when placed in a horizontal position and its erection forcibly pre- 
vented. Under these conditions, the cells of the collenchyma, bast and 
wood on the lower side acquire greater diameters than in corresponding 
portions of a normal shoot, while their walls remain notably thinner, at the 
same time these cells on the upper side show a reduced diameter accom- 
panied by the thickening of their walls to a degree considerably above the 
normal. The whole cortex on the lower side becomes abnormally enlarged. 
These changes, which have been observed in a large number of dicoty- 
ledonous hypocotyls and epicotyls, appear to be quite general, but appar- 
ently are not appreciable in shoots which are free to bend upward under 
the influence of gravity. Schwartz (5) has recently given a comprehen- 
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sive review of the literature on this subject. The increase in the size of 
the parenchyma cells of the sheaths and cortex on the lower side of inclined 
banana plants is clearly a related phenomenon. The ^?reat weight of the 
plants themselves causes the increase in cell size without the prevention of 
curvature by any external restraint. 

Erection of transplanted suc^kers 

When the buds situated on the side of the old rhizome, below the inser- 
tion of the living sheaths, begin to elongate, they at first grow through the 
soil in a horizontal direction. At this period they produce leaves consisting 
of bladeless sheaths, whicli gradually merge into leaves with reduced, linear 
laminae and thick, prominent sheaths. When the young sucker reaches a 
certain length, which varies considerably in difierent varieties, it begins to 
bend upward. The erection of the sucker is initiated by the leaf-sheaths, 
which curve upward with considerable force, raising and cracking the soil 
above them. The rhizome of the sucker more gradually follows the young 
false-stern in assuming an upward direction of growth, and enlarges into 
the ‘‘bulb^’ of the new plant. 

One of the methods sometimes employed in the propagation of bananas 
is to sever the sword suckers from the parent rhizome and, after trimming 
away the laminae of the leaves, to set the bulb into the ground. Tf such 
propagating material is allowed to lie in the field for some time before 
planting, in wet weather it usually continues to grow slowly. Occasionally 
one finds, in a sucker which has been lying for several weeks in a horizontal 
position, that the heart leaves, in their efforts to grow in a vertical direc- 
tion, have burst through the side of the old fahse-stem and begun a new 
false-stern at right angles to it. 

In order to study this behavior more thoroughly, on February 14, lfl20, 
fifteen young suckers, with false-stems between 80--100 cm. high, were dug 
with care, so as not to injure the false-stern. These suckers had already 
formed massive bulbs of their own (fig. 10). All of the visible lateral buds 
were cut away, in order to restrict the new top-growth of the suckers to 
their terminal growing point. The suckers were set in the ground inclined 
at angles of with the horizontal. Since all of the roots and none 

of the leaves were cut away, growth w^as effectively prevented until a new 
root system could be established. The object of the procedure was to retard 
the geotropic erection of the false-stern, so that when the young leaf rudi- 
ments resumed active growth, they would find themselves imprisoned within 
an inclined false-stern composed of sheaths which had lost the capacity of 
upward curvature. During the month which followed the transplanting, 
most of these plants succeeded in effecting more or less upward curvature, 
but their growth was retarded by lack of water, and they still remained 
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considerably inclined. No new growth of the tops was apparent, but mean- 
while a new root system had become established. On March ] 1, the young 
leaves of one of the suckers burst through the upper side of the old false- 
stern, just above the bulb. In freeing themselves, they ruptured five living 
sheaths. The two oldest sheaths of the new false-stern, which had evidently 
exerted the greatest pressure, had torn off their laminae in escaping, leaving 
them imprisoned in the upper portion of the old false-stern. The pressure 
which it was possible for these sheaths to exert was evidently heightened by 



Fig. 9. Effect of ))lantiiig sucker in inclined position under conditions which delay 
geotroi>ic curvature. Sucker planted at angle of 45° on Dec. 11, 1928, photographed 
Jan. 30, 1929. Tlie old false-stern is shown at right, the new, formed by the young 
lea\es bursting through base of former, has assumed an upright position. 


tlie long period of suspended growth they had experienced, during which 
their tissues became more firm than is normal for the sheaths of immature 
leaves. The new false-stem grew rapidly, and soon formed a thriving young 
plant arising from the base of the old, decaying false-stem (figs. 9 and 10). 

By March 27, 12 of the 15 plants had burst through the base of the old 
false-stem. By April 11, 13 had burst through the base and 1 had burst 
througli the side near the top, a not infrequent occurrence in sword suckers 
set erect in replacing lost plants in established plantations. 
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After the new, upright false-stern had been formed, the growing point 
formed a proliferation from the old bulb, and gradually curved into an 
erect position (fig. 10). 



Fig. 10. Section through base of plant similar to one shown in fig. 9. Old false-stern 
at right; bulb severed from parent rhizome at left, (x Jj.) 

V. Reactions to darkness 

Regulation of the length of the internodes'' 

The regulation of the length of the leaf -sheaths is of the utmost impor- 
tance to the plant. If for any reason a sheath should remain shorter than 
that which immediately precedes it, the lamina would not be carried free 
of the false-stern, could not unfurl, and the symmetry of the plant would 
be destroyed. In plants of banana and abaca afflicted with ‘‘bunchy top," 
a disease caused by a filterable virus (see Oc^femta, 4 ), successive sheaths 
do become somewhat shorter, with the result that the leaves are crowded into 
an unsightly rosette at the top of the false-stern, instead of being distributed 
along a gracefully tapering trunk. When a sucker is transplanted without 
having been cut back, the leaves which would have been the next to unfold 
fail to emerge normally, and remain partially or completely enclosed in the 
false-stern, while the plant is always put to more or less inconvenience by 
this derangement of its growth. 

It is apparent from anatomical studies that the “normal" length of the 
sheath is determined by inner causes at the growing point, which produces 
rudiments of leaves which have progressively longer sheaths, just as they 
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have larger laminae, until after the stem has begun to elongate rapidly and 
push upward through the center of the false-stern. The leaves borne on the 
upper portion of the fruiting stem are separated by long internodes and 
possess sheaths which fall off rapidly in length, since the point of their 
insertion is much nearer the top of the false-stern, and it is not necessary 
that they be so long. The laminae of these leaves also decrease rapidly in 
.size (see 6, table I). 

We call the columnar trunk of a banana plant a false-stern. By analogy, 
we may term the region where each petiole separates from the false-stern a 
‘*false-node,’’ and the interval between successive false-nodes may be called 
“false-internodes.^^ The false-node is not a very definite point, for the 
upper extremity of the sheath only gradually narrows into a petiole, and 
it is impossible to set a distinct boundary between the two. Accordingly, 
in determining the length of the false-internodes, it is best to measure from 
the point where the descending petiole first touches the false-stern. Since, 
in the young plants, the sheaths are inserted almost on a level on the abbre- 
viated rhizome, the length of the false-internode is largely an expression 
of the difference between the lengths of successive sheaths. Thus, if an 
internode becomes longer than normal, it means that a sheath, for some 
reason or other, has become abnormally lengthened. Changes in the length 
of the false-internodes are the best measure of the influence of any condi- 
tion on the length of the leaf-sheaths. 

Various attempts were made to control the final length attained by the 
sheaths, for although limits are set to this length by the formative processes 
which apparently terminate long before the leaf makes its appearance at 
the top of the false-stern, it seemed probable that the degree of elongation 
of the organ could be altered, to a certain extent, by experimental means. 
Cutting oft the top of the false-stern, so that the leaf emerges and expands 
sooner than normal, considerably decreases the length of the sheath, prob- 
ably as a result of the earlier exposure of the lamina to light and transpira- 
tion. Cutting off the precursory appendage when it first appears from the 
top of the false-stern was found to have no effect on the length of the sheath. 
Binding the lamina with cord, as it emerged from the top of the false-stern, 
to prevent its unrolling, likewise had no appreciable effect on the length of 
the sheath. The idea that the expansion of the lamina might be the signal 
for the gradual cessation of elongation (see section II) therefore proved 
erroneous. The removal of the lamina bit by bit as it emerged likewise had 
no significant effect on the length of its sheath. 

One ^s casual experience on the plantation suggests that the intensity of 
light is of some influence in determining the length of the false-internodes. 
In young suckers growing up in the shade of dense, unpruned banana 
groves, these internodes are very long; in shoots arising from propagating 
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material set out in the open, and tlierefore exposed to full sunlight, they 
are very short. Since these two types of shoots differ greatly in other 
important morphological* respects, the conclusion that light Avas the con- 
trolling factor in this case could not be accepted without experimental 
confirmation. There is also great variation in the normal length of the 
false-internodes in different varieties of Musa sapientum. Thus, plants of 
the Martini’’ type (subspecies seminifera) normally have longer false- 
internodes than the edible ‘^Lady Finger” banana. 

Preliminary experiments showed that young banana suckers growing in 
continuous darkness produce false-internodes of surprisingly great length. 
In one experiment a young sucker ir)3 cm. high produced a false-internode 
48 cm. in length, while in normal suckers of the same height and variety 
growing in the same field, the upper internodes were 10-20 cm. in length. 

P’our portable houses of the type shown in figure 11 were used to study 
the behavior of banana plants in total darkness. Built of 1 inch boards and 
covered Avitli a coiTugated iron roof, they measured 90 cm. square* by 210 
cm. high at the front (3x8x7 ft.). Plaeli was equipped with two venti- 



PiG. 11. Three of the dark houses used iw experiments, set up in field. 


lators, one at the top and one at the bottom, consisting of rectangular boxes 
open at tlie ends and crossed by a series of baffle plates which, when black- 
ened on tlie inside, completely excluded the light but allowed the free 
passage of air. They were without floors, and the door occupied almost 
the entire width of the front, to allow them to be easily slipped over the 
growing plants. The houses were lined with black paper so as to be com- 
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pletely light-proof, and during the course of the experiments were draped 
with white sheets to prevent the interior becoming too warm in the sunlight. 
The highest temperature recorded in them on sunny afternoons was 35® C. 
They were equipped with handles and shifted about the field as desired by 
a crew of six men. 

The experiments were all performed with various undescribed varieties 
of tlie subspecies seminifera. Although introduced to Panama from the 
Philippine Islands under different native names, all showed great similarity 
in external characters. To start an experiment, I selected a mat (i.e,, a 
clump of plants derived from the branching of a single individual) which 
contained two young suckers, already producing broad leaves, of very 
nearly the same height, and if possible with the two youngest visible leaves 
in approximately the same stage of development. The suckers were 80 cm. 
or less high, to allow plenty of head room in the dark chamber, and close 
enough together to go in easily through the door. These conditions were 
not always easy to fulfil, and many mats were examined before a satis- 
factory one was found. Except for these two suckers, all the other plants 
in the mat were pruned away at the ground level, and their growing points 
destroyed. Thus the experimental plants had the benefit of the entire root 
system and the large food reserves of the parent rhizome (see fig. 12). All 
of the laminae were then cut away from one member of the pair, while the 
other was left intact (see fig. 13). The plants were measured and marked 
so that further growth could be determined ; the dark house was then moved 
over them, banked with earth to exclude light at the bottom, draped with 
.sheets, and the experiment begun. Thereafter it was opened only at night, 
when the portion of the lamina of the defoliated plant which had emerged 
during the last 24 hours was cut away.' 

The duration of the experiments was limited by the height of the houses. 
In every case, however, the plants remained in darkness long enough for 
the complete expan.sion of at least one leaf beyond that in the process of 
emerging from the false-stern at the beginning of the experiment. In most 
cases time was allowed for two and in many instances three leaves to per- 
form the entire process of emergence in total darkness. Thus, in every 
plant at least one new false-internode was added to the false-stern during 
the period in darkness. The more important data collected in these experi- 
ments are summarized in table III. Here both plants of each pair bear the 

a The objection might be raised that the removal of the false-stern and growing 
point of the parent plant causes the suckers to produce longer internodes, just as it 
causes them to produce broader laminae. This, however, is not the case with plants 
growing in the light. In a few experiments, suckers still attached to the uninjured 
parent stems were enclosed in lightproof cylinders constructed of wire and black paper, 
and these behaved in all respects like the plants described in the text. 
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Fig. 12. A pair of plants prepared for an experi- Fig. 13. Plants 3, A and B (see table III), at eonclu- 
ment (with the exception of removing sion of the experiment. The 12 leaves bear 

laminae from one), showing the white tags. April 15, 1929. 

type of suckers used. 



TABLE III 

Growth of banana suckers in darkness 

(Experiments extended from March 22 to May 30 , 1929 , only pour numbers (*ould be performed simultaneously) 
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= defoliated plant. 
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same number, the ^‘normal” plant is designated by ‘‘A/’ the plant with 
the laminae removed by The data for the A and B plants of each 

pair are arranged in alternating columns to facilitate comparison. The 
leaf partially emerged at tlie beginning of the experiment is designated by 
the number +1, and the following leaves are numbered +2, i-S, etc. The 
leaves completely emerged at the commencement of the experiment are 
designated by a minus sign before the number. Leaf - 1 is the youngest 
of these, -2 the next in age, etc. The false-internodes are designated by 
the numbers of the leaves which terminate them. 

We will consider first the data for the A plants. With a single excep- 
tion, the longest false-internode produced by the plant was terminated by 
the lamina which was actually emerging when the plants were placed in 
darkness, indicating that the sheath belonging to this lamina was the first 
whose growth was markedly stimulated by the absence of light. The sheath 
of the next-older leaf — the youngest completely expanded when the experi- 
ment began — was also stimulated to increased gro^vth as a result of the 
treatment. This is indicated by the abnormal length, in a number of plants, 
of the internodes terminated by these leaves, and by the marked increase 
(almost 7 cm.) of the average length of these internodes over those below 
them. Although the sheaths of 5 or 6 of these older leaves continued to 
grow at a rate inverse to their age, their final length was not greatly affected 
by the absence of light . In suckers of the size used in the experiments, 
growing in the light, a slight grow’th may sometimes be detected in even 
the seventh or eighth leaf from the top. 

The length of the sheath of leaf +2 is still more greatly exaggerated 
(beyond what it may have been in the light) than that of leaf + 1. This 
fact is masked, in the manner of presentation of the data we are now em- 
ploying, by the abnormal length of internode -i 1, and it must be remem- 
bered that the effects are additive in successive internodes. It was not 
possible, for lack of space, to allow these sheaths to approach their maxi- 
mum length, but already several of them have formed internodes well 
above the maximum for plants growing in light. The length of the sheath 
of the youngest expanded leaf of each plant at the conclusion of the experi- 
ment is, within a few centimeters, the same as the final height of the false- 
stern as given in the fifth column of the table. 

Suckers of the same variety and height as those used in the experiments, 
growing in the same field but under the shade of the older plants of the 
mat, rarely show internodes over 20 cm. in length. The maximum length 
recorded in 15 such plants chosen at random was 22 cm. Most of the upper 
internodes of such plants fall between 8~20 cm. in length. If the suckers 
are exposed to strong sunlight by cutting away the older plants, the false- 
internodes become much shorter. The shortest internode formed by 
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the experimental plants measured 23.5 cm., while the average of 31.4 cm. 
is almost 50 per cent, above the maximum for plants growing in the light. 
Just as in plants with elongated stems etiolation causes the production of 
lengthened internodes, so in the false-stern of the banana darkness causes 
the formation of greatly exaggerated false-internodes. This is a result of 
the abnormal lengthening of the sheaths of the leaves which emerge in the 
dark. No change in the configuration of the rhizome was observed in the 
experimental plants. 

Location of the increased growth caused by darkness 

The average separation of the transverse septa in the various regions of 
the leaf -sheaths of a plant growing in the open is shown graphically in 
figure 14 (at left), where the distance occupied by each 50 septa is marked 
off on a vertical line drawn in proportion to the length of the sheath. Here 



Normal Plant Etiolated Plant 

Fio. 14. Distribution of transverse septa in sheaths of normal plant (left) and plant 
which had been in darkness for 42 days, during which falso-stem 
grew from 70 to 141 cm. 
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it will be seen that the septa are farthest apart at the base of the sheath, 
and gradually become more crowded toward the apex. Each figure em- 
ployed in the construction of the graph represents the average of the counts 
of four parallel series of septa running the length of the sheath, and all 
from the central part. There is usually a regular increase in the number 
of septa in successively older sheaths. In sheath 5, however, for some 
reason no more septa were formed than in the preceding sheath, although 
the sheath itself is 9 cm. longer. As a result, the septa in all portions of 
sheath 5, but especially in the basal region, were somewhat more distant 
than in the older sheaths, indicating that the plant is able to compensate 
a deficiency in the formative processes by an abnormal amount of elonga- 
tion at a later stage. 

At the right of the figure a similar graph is presented for a plant which 
was kept in the dark house for 42 days, during which the height of the 
false-stern increased from 70 to 141 cm., and 3 new leaves (4 1, -f 2, and + 3) 
expanded. Leaf -2 was affected to a certain extent by the treatment, and 
the increased elongatio!i occurred chiefly in the basal portion of the sheath 
(first 100 septa). In leaf -1 the increased length is accounted for prin- 
cipally in the region of the basal 150 septa. The separation of septa in 
this sheath is exaggerated by a deficiency in their number, for it contains 
no more than the preceding one. In the following sheath (-f 1) the separa- 
tion of septa is greater than normal in all regions, but the excess growth is 
most marked in the basal half. In sheath + 2 there is a marked increase in 
the separation of the septa throughout the sheath, including its apical por- 
tions. In the sheath of the latest leaf to emerge (1 3) the separation of 
the septa in the distal portion is still greater. This leaf was still rapidly 
elongating, and in its less mature basal portion the septa are still quite 
crowded. 

From these data (and other similar counts which lack of space excludes 
here) it is evident that in leaves already expanded, or just emerging at the 
time the plant is placed in darkness, the increased growth is localized at 
the base of the sheath. In successively younger leaves the influence of 
darkness is felt higher and higher in the sheath, with the result that the 
apical regions also stretch more strongly, and their transverse septa become 
far more distant, than in leaves emerging in the light. It is because of the 
more extensive region affected in the younger leaves that they are able to 
maintain the exaggerated length of the false-internodes begun by the first 
leaves to emerge in darkness, which in each succeeding sheath means a 
proportionally greater stretching. 

Localization of perception 

The intercalary growing zone at the base of the sheath of the banana 
leaf is covered by a number of other leaves which more or less effectively 
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screen it from the light. Hence it becomes of interest to determine whether 
the increased growth of the sheath in darkness occurs because the sheath 
itself fails to receive the very small amount of light it normally may receive, 
or as a result of changes induced by continued darkness in the lamina and 
thence transmitted to the growing sheath. 

Observations with a diaphanoscope revealed that a certain amount of 
light penetrates to the base of the sheath of the emerging leaf in plants of 
tlie size employed in the experiments, although this sheath can at best enjoy 
a veiy dim illumination, most of the rays being absorbed or reflected by the 
5 or h older sheaths through which they must filter. None-the-less, it was 
not a priori certain that the absence of this weak illumination did not cause 
the observed changes. To test this point, the laminae of one plant of each 
pair employed in the dark chamber experiments were removed as described 
above. The performance of these plants is recorded in table ITT, in the 
columns headed Here it is seen that the plants without laminae 

formed internodes not longer than those commonly found in plants growing 
ill the open. Tlie average length of the + 1 internodes of the defoliated 
jflants is half that of the A plants, and the maximum for the defoliated 
plants is tin* same as the minimum for the normal plants. Because the 
false-stems of the defoliated plants remained shorter, the leaves often 
emerged in more rapid succession than in the normal plant of the pair, 
hence the earlier formation of the + 2 internode observed in some cases. 

In order to determine whether the removal of the laminae had in itself 
any effect upon the formation of the subsequent leaves or the length of 
their slieatlis, plants growing in the open were defoliated in the same 
manner as the B plants in the dark houses. The newly emerging leaves of 
three of these plants were cut off daily for seven weeks, during which they 
formed 5-"7 new internodes of the usual length. These plants grew in the 
shade of the older plants of the mat. 

As a control, the false-stems of 10 suckers, most of them somewhat larger 
than those used in the dark houses, were wrapped in several thicknesses of 
h(‘avy, black mulch paper, wound around them in a spiral like a roller 
bandage. By this means they w^re effectively darkened. The paper w^as 
covered on the outside by white cloth, to prevent its becoming heated in 
the sunlight. It w-as necessary to rewrap the stems at intervals of several 
days, as with increasing girth they began to press against their wrappings, 
and to enclose the newly formed portions. The experiment was continued 
24r-25 days, slightly longer than most of the dark chamber experiments. 
The longest internode formed by tliese plants measured 26.5 cm., somewhat 
longer than normal, but 5 cm. below the average of the + 1 internodes of 
the A plants in the dark chamber experiments (see table TV). 



98 


PLANT PHYSIOLOGY 


TABLE IV 

Length of false-internodes formed by plants with false-stems darkened 


No. 

Date 

begun 

... 

Duration 

Original 

HEIGHT 

Final 

HEIGHT 

Length op false internodes 

-2 

-1 

+ 1 



daytt 

cm. 

cm. 

cm. 

cm. 

cm. 

1 

3-25^29 

25 

102 

346 

23.5 

16 

19.5 

2 

i i 

25 

85 

132 

19.5 

19 

18.0 

3 

< < 

25 

112 

156 

19.5 

16 

13.0 

4 

i ( 

25 i 

112 

164 

22.5 

20.5 

18.5 

5 

4-12-29 

24 

78 

133 

20.5 

25.5 

18.5 

6 

1 1 

24 

83 

139 

18.0 

23.5 

19.5 

7 

1 1 

24 

92 

167 

21.0 

25 

26.5 

8 

( c 

24 

80 

119 

15.5 

15 

12.5 

9 

* < 

24 

78 

: 117 

19.0 

19 

16.0 

10 

< ( 

24 

89 

i 135 

16.0 

19 

14.0 


From these experiments it seems that the abnormal lenjrthening of the 
sheaths of plants growing in darkness is largely a result of some influence 
which their laminae exert upon them, althougrh a slijjjht direct effect of 
darkening: on the sheaths themselves is not precluded (r/. table IV). This 
influence is transmitted to the basal jyrowing zone of the eniergring: leaf, and 
causes an abnormal amount of elongation there, as indicated by the 
increased separation of the transverse septa. The influence of the leaves 
already in the dark chamber is likewise transmitted to the sheaths of 
younger leaves which have not yet made their appearance, and causes 
increased elongation in all portions, including regions which, at the time 
of the emergence of their own lamina, are too mature to be appreciably 
influenced directly by it. 

The literature on plant hormones has already become a most extensive 
one, and a number of complicated phenomena of transmitted influences in 
the plant body seem most readily explained by the presence of such sub- 
stances. Went (10) found that a growth-promoting substance, formed in 
the tip pf the coleoptile of Avena seedlings, is transmitted to the more basal 
portions of the organ and causes accelerated growth there. He determined 
that the growth-promoting substance of the coleoptile tip is formed more 
abundantly in darkness than in light. It is suggested that the phenomena 
described in this section may be caused by the production of a growth- 
promoting substance in the lamina of the banana leaf in darkness. This 
substance, carried basally in the phloem, may cause an abnormal degree of 
elongation of the tissues in the lower part of the sheath. It may also pro- 
duce increased growth in the sheaths of younger leaves whose laminae are 
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still enclosed in the false-stern, and accordingly in absolute darkness are 
receiving only slightly less light than in a plant growing in the open. If 
the great distance (1 meter or more) between the organ of perception and 
the region of response is urged against this view, it must be remembered 
that the phloem in the vascular bundles in the leaf-sheath is extremely well 
developed (6, fig. 18) and translocation very rapid. In the fruiting banana 
plant, the carbohydrate formed in most of the leaves must be carried all 
the way down to the bulb in the leaf-sheaths, and thence all the way up the 
stem to the bunch of developing fruit, a total distance, in large plants of 
12-14 m. 

Effect of etiolation on size of lamina 

Continued darkness does not cause a reduction in the size of the lamina. 
The leaves which expanded in the dark chambers were in all cases longer 
and usually broader than those which preceded them, as is normal in imma- 
ture banana plants. During the course of several of the experiments the 
lateral buds on the old rhizomes developed into vigorous young suckers, 
sometimes reaching over 1 m. in height of false-stern, and produced leaves 
of the dimensions usual for suckers of their size. 

MacDougal (2), who studied the behavior of a large number of species 
in darkness, found that many monocotyledonous leaves with parallel vena- 
tion, arising directly from an underground tuber, bulb or rhizome, attain 
in darkness a length and sometimes a breadth in excess of the normal, and 
an area equal to or greater than the normal organ. Where there is a 
distinct petiole, or sheath, arising from near the ground level, these are 
usually excessively elongated. Canna agrees with Musa in the production 
of abnormally long sheaths in darkness. The laminae of many monocoty- 
ledonous leaves (especially Araceae) with distinct petioles or sheaths are 
considerably smaller than normal, and often fail to unroll completely, in 
this respect differing decidedly from the banana. 

VI. Conclusions 

A dicotyledonous plant with elongated internodes, a coleus or sun- 
floAver, for example, exhibits certain responses by which it adjusts itself 
AAdien its stem is placed in a horizontal position, or its light is seriously 
reduced. The banana is structurally very different from these plants and 
although the morphological nature of the organs by which the reactions are 
accomplished is different, its responses to the same conditions are surpris- 
ingly similar. A sunflower reacts to darkness by increasing the length of 
its internodes, a banana by increasing the length of its leaf-sheaths, which 
results in the production of longer false-internodes. Placed on its side, the 
dicotyledonous plant erects itself by the upward curvature of its stem, the 
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banana by the upward curvature of the false-stern made up of leaf -sheaths, 
aided to a certain extent by the bulb. In this case the banana’s method 
.seems the more efficient, since it results in the erection of the entire false- 
stern from the base, not merely of the younger internodes, as is the case 
with the sunflower. Banana plants are able to erect themselves in this 
manner after they acquire a height and weight which would preclude such 
a response on the part of most plants. Par from being rendered relatively 
rigid and unresponsive by its method of enclosing the growing point within 
massive sheaths, the banana jiossesses an organization which is remarkably 
plastic and adjustable. It must be remembered that it is essentially a plant 
of quiet places ; violent vandstorms arc disastrous to it. 

Til conclusion, it is a pleasure to acknowledge my gratitude to Dr. John 
II. Johnston, Director of Agricultural Kesearch of the United Fruit Com- 
pany of Boston, for extending to me the use of the Company’s research 
stations in Central America, and to Mr. Joseph H. Permar, in charge of 
the station near Almirante, Panama, for his unfailing cooperation and 
interest, without which it would have been impossible to carry out much 
of the work reported here. To him I am also indebted for tlie communica- 
tion of many valuable observations, the result of long familiarity with the 
banana plant. To Professor Duncan S. Johnson, of Johns Hopkins Uni- 
versity, I owe a debt of gratitude for the interest and encouragement he 
has continued to show in my work. 

Summary 

1. Great pressure is required to force the emerging leaf of the banana 
upward through tlie false-stern. If a section is removed from the side of 
the false-stern, depriving the sheath of this leaf of its lateral support, it is 
unable to transmit the pressure exerted by the basal growing zone. The 
leaf accordingly is not able to emerge, and subsequent leaves break out 
through the aperture, forming a forked false-stern. 

2. When the pressure on the basal growing zone is reduced by cutting 
off the top of the false-stern, the rate of elongation is immediately increased 
0-9 times, but soon falls to its original value. 

3. Seedlings placed in a horizontal position erect themselves by a curva- 
ture of the base of the false-stern. 

4. Plants with false-stems up to 2 m. in height, 20 cm. in basal diameter, 
and a total weight of aerial portions up to 15 kg., erect themselves from the 
base when inclined at an angle of 45° or less with the ground. 

5. The erection of these plants is accomplished principally by the curva- 
ture of the false-stern at its base. The .sheaths on the lower side become 
thicker as a result of the enlargement of their cells without division. 
There is a decrease of starch on this side. 
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6. The cortical cells on the lower side of the rhkome elongate parallel 
to the long axis of the plant and divide by one or more transverse walls. 
The cell walls become thinner, and the starch grains they contained largely 
disappear. The whole cortex becomes thicker on the lower side than on the 
upper. As a result, the false-stern is pushed upward. 

7. When a sucker is dug up and replanted in an inclined position, 
gro\\i:li of the top is suspended for about a month, while a root system 
becomes established. Upon renewal of growth, the old false-stern is unable 
to erect itself. The young leaves, imprisoned within it, burst through the 
upper side of the old false-stern, at the base, and establish a new false-stern 
in an upright position. 

8. When the plant is placed in darkness, the leaf-sheaths become 
abnormally long, with the result that false-internodes of about twice the 
normal length are formed. 

9. Sheaths from which the laminae have been removed do not become 
abnormally long in the dark, although in the open the removal of the lamina 
does not affect the length of the sheath. When the false-stems are darkened 
but the laminae remain in the light, the sheaths become only slightly longer 
than in plants growing in the open. 

10. Laminae kept in continuous darkness exert some influence on the 
basal growing region of their sheaths, about a meter distant, which results 
in their increased elongation. It seems likely that a hormone is responsible 
for this effect. 

11. There is no reduction in the size of the lamina of i)lants grown in 
darkness. 

Johns ITopktns University, 

Baltimore, Maryland. 
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RELATION OP H-ION CONCENTRATION OF TISSUE FLUIDS TO 
THE DISTRIBUTION OP IRON IN PLANTS 

B. A. Ingalls and J. W. Shive 
(with ten figures) 

Althougrh iron is an essential element for plant growth, it is not always 
present in an available form for assimilation by the plant. Factors influ- 
encing the availability of iron are not well understood. Previous investi- 
gations of the iron problem have dealt mainly with a study of the external 
medium in which the plants were grown, with less emphasis attached to 
the study of the conditions existing within the plants themselves. 

Patten and Main (18) found that iron was precipitated from solution 
in varying degrees from pH 3.5 to 6.0, practically all being precipitated at 
6.0 and above, thus rendering it unavailable for absorption by the plant. 
This was also brought out by Hopkins and Wann (10). They found diffi- 
culty in growing plants in a medium of pH 6.0, due to the fact that iron 
was removed by adsorption on calcium phosphate which gradually pre- 
cipitated as the solution became alkaline, a physical chemical effect capable 
of influencing iron availability within the plant as well as in culture media. 

The fact that lack of available iron is not entirely due to the conditions 
existing in the culture media may be shown by reference to the work of 
Appel (2), He found that buckwheat plants were less sensitive to changes 
in reaction of culture media than were corn plants, corn requiring much 
more iron than buckwheat. Little difficulty, therefore, was experienced in 
growing buckwheat without chlorosis in solution cultures in which corn 
suffered from lack of available iron. After a study of the internal condi- 
tions existing within the plant, presented in the following pages, an expla- 
nation of this phenomenon may be attempted. 

Loehwing (13) has reported that plants grown in a medium high in 
lime display peculiar iron immobility characterized by copious precipita- 
tion in the roots. He states that the lime reduces the sap acidity to the 
point of interference with internal iron mobility. Lime injury involving 
chlorosis has been reported for corn by Maz^ (16), for pineapples by Gile 
(5), for rice by Gile and Carrero (6), for pears by Milad (17), and for 
citrus fruits by Lipman (22). 

In addition to the work cited, some work has been reported on the H-ion 
concentration of tissue fluids. Haas ( 8 ) made studies of actual and total 
acidities and of the total alkalinity of a number of plants of agricultural 
importance, together with a study of the influence of liming the soil upon 
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these acidities. In this connection he reports that in ten out of fourteen 
cases the addition of lime was followed by a decrease in actual acidity of 
the plant juice, which seems to point to the fact that plant juices are in- 
fluenced to some degree by the nature of the medium in which they are 
grown. Other points of interest in his study of plant juices were as fol- 
lows: (1) the presence of a hydrogen-ion concentration gradient for tissue 
fluids which is not always in the same direction in different species or in 
the stems and leaves of the same species; (2) an increase in acidity with 
age increase in the plant, and (3) that illumination tends to decrease the 
acidity of the plant. This point was further brought out by Gustafson 
(7). He worked with Bryophyllum calycinum, determining the pH of its 
juice at various intervals throughout the day and the early part of the 
evening. He found that the acidity of the juice decreased during the day 
and increased again at night, but if the plant was kept in the dark con- 
tinuously for 24 hours or more, the acidity did not continue to increase 
but began gradually to decrease, as the food supply was used up in respi- 
ration. The highest acidity was reached at 10 A. M. while the lowest was 
obtained at 4 P. M. The experiment was carried out during both clear and 
cloudy days, and it was found that the same general results were obtained 
on both types of days but to a different degree. 

Clevenger ( 4 ) found a similar nocturnal change in pH of the tissue 
extract of cowpeas due to change in light intensity. He also pointed out 
that the pH varied with temperature, being higher at high temperatures 
than at low temperatures. Atkins (3) made a study of the variation in 
the juices of different plants and found a range in pll from 1.4 to 8.0, but 
only in rare cases did he find any above 7.0, 

The purpose of this investigation has been to determine first, the influ- 
ence of day to night variations in light intensity upon the hydrogen-ion 
concentration of the plant tissue fluids of a number of different species; 
second, to study the relation between hydrogen-ion concentration of the 
plant tissue fluids, as influenced by variation in light intensity, and the 
“filterable^’ or soluble iron content of the plant tissues; third, to study 
the relation between hydrogen-ion concentration of the plant tissue fluids 
and the total iron content of the plant tissues; and finally, to study the 
influence of these internal factors upon the iron mobility, its distribution, 
and ability to function in the plant tissues. 

Experimental methods 

Plants used in the first part of this investigation were grown in sand 
and solution cultures to insure as uniform a medium of growth as possible. 
It was later found, however, that quite similar results were obtained with 
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plants grown in soil plots, provided that care was taken to select plants 
of the same age which had been grown under similar conditions. The spe- 
cies here used may be classed into two groups according to the purpose for 
which they were grown. Group 1 comprised buckwheat {Fagopyrum 
esculenium), clover {Trifolium repens), sedum {Sedum reflexum), and 
bryophyllum {Bryophyllum calycinum). These were grown for the ex- 
press purpose of studying the influence of light intensity on the pH of the 
tissue fluids. The hydrogen-ion concentration of the juices of both stems 
and leaves of the plants of this group were determined at intervals of two 
hours during the day and night. Care was taken to select the various 
experimental periods at times when the sky was cloudless during the day 
in order that the plants might be subjected to the maximum variation in 
light intensity during a day and night period. 

Group 2 comprised buckwheat {Fagopyrum esculentum), bryophyllum 
{Bryophyllum calycinum), rumex {Rumex patientia), sedum {Sedum re- 
flexitm), tobacco {Nicoiiana rustica) tomato {Ly coper sic um esculentum), 
asparagus {Asparagus officinalis), soybean {Glycine max), and clover 
{Trifolium repens), and were grown for the purpose of determining the 
filterable or soluble iron content of tissue fluids of plants having different 
pH values, and also to determine the filterable iron content of the tissue 
fluids of plants of the same species at various intervals throughout a day 
and night period. 

Sand cultures were grown in clay percolators similar to those described 
by Allison and Shive ( 1 ). They were approximately 31 cm. in height 
with a diameter of 15 cm. at the top and 5 cm. at the base. The opening 
through the bottom of each percolator was closed with a cork carrying a 
short glass tube through which the percolating solution could escape. The 
upper end of the tube was closed by a small plug of glass wool. Bach 
percolator contained about 5 kg. of quartz sand which had been thoroughly 
washed in an agate pan until the overflowing water was free from sediment. 
Tottingiiam ’s ( 25 ) solution modified by Jones and Shive ( 11 ) was sup- 
plied to each culture. This solution was continuously renewed by means 
of a drip and drain system (22) which allowed one liter of new solution 
to flow into each culture at a constant rate during a period of 24 hours. 
Each culture was flushed once a week with distilled water to avoid any 
excessive salt concentration which might have resulted from evaporation 
at the surface of the sand, or from water loss through transpiration. Buck- 
wheat and soybeans were grown in solution cultures in two-quart colorless 
glass jars. They also were supplied with the constant solution renewal 
system described by Shive and Stahl ( 22 ). In both sand and solution 
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cultures, iron M^as supplied to the plants in the form of a freshly prepared 
ferrous sulphate solution containing 0.1 mg. of iron per cc. of solution. 

In the early stages of growth, 0.1 cc. of the iron solution containing 0.1 
mg. of iron per cc. was added to 1000 cc. of nutrient solution. This amount, 
however, was increased and sometimes reduced during the later stages of 
growth, as the external conditions and the requirements of the plants made 
this necessary. 

Seeds used in these experiments were germinated between moist filter- 
papers and then transferred to a germinating net as described by SiiiVE ( 21 ) 
When the seedlings were 4 cm. tall they were carefully selected for uni- 
formity of size and vigor and transferred to their respective media, ten 
plants being used in each sand culture and three in each solution culture. 

To prepare the material for the extraction of the tissue, it was cut into 
small pieces and placed in test tubes. These were then plugged with paraf- 
fined cork stoppers plunged into a salt-ice mixture and frozen as quickly 
as possible in order to prevent any appreciable chemical change before 
freezing. In all cases duplicate samples were used. Preparatory to ex- 
pressing the tissue fiuids, the test tubes containing the samples were placed 
in tepid water and the material allowed to thaw. This usually required 
from five to ten minutes. At this stage, the material was removed from 
the tubes and the juice extracted by means of a small screw press. Pre- 
cautions were taken to prevent the tissue fluids from coming in contact 
with anything except glass surfaces. 

pH determinations were made electrometrically by means of the hy- 
drogen electrode and a type K Leeds and Northrup potentiometer. About 
5 cc, of juice were used at each determination. It was placed in a short 
Pyrex tube and hydrogen was allowed to bubble through until a constant 
potential was attained. Electrodes were cleaned and platinized before 
making determinations and again frequently throughout the experiments. 
They were also checked against a standard acetate solution of known pH 
value. 

Samples of green plant tissues of the various species studied, from 
which the moisture content and total iron content of the plant were deter- 
mined, were taken at the end of each experimental interval (usually at the 
end of two hour intervals) throTighout a day and night period. For total 
iron determinations, the plant tissues were dried in an oven at about 85° C. 
for 48 hours and at 100° C.‘“102° C. for 24 hours. They were then ground 
to a powder with a pestle and mortar in order that uniform samples might 
be obtained. The material was then placed in a desiccator over night, after 
which duplicate samples of 0.1 gm. each were weighed out and placed in 
Pyrex test tubes. Iron analyses were made according to a method described 
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by Wong (26), It consisted in completely digesting the weighed sample 
with 1 cc. of concentrated iron-free sulphuric acid, allowing the contents of 
the tube to cool for about 20 seconds and then adding to it a ten per cent, 
solution of sodium chlorate. This solution was added carefully drop by 
drop and allowed to run down the side of the tube to prevent excess spat- 
tering when the solutions came in contact with one another. Boiling was 
then continued until white fumes appeared. The content of the tube was 
clear and colorless when oxidation was completed. 

Potassium sulphocyanate, 5 cc. per sample, was used as an indicator, 
and the contents made to a known volume with distilled water. The red 
color produced by the indicator varied in depth according to the amount 
of iron present. Each sample containing the unknown was compared in a 
Duboscq colorimeter against a standard iron solution. This solution was 
prepared by dissolving 0.7 gm. of recrystallized ferrous ammonium sulphate 
in about 50 cc. of distilled water. To this was added 20 cc. of 10 per cent, 
sulphuric acid and then sufficient one-tenth normal potassium permanganate 
solution was added to just oxidize the ferrous salt completely. It was then 
diluted to 1 liter. This solution contained 0.1 mg. of iron per cc. 

To both the standard and the unknown iron solution to be determined 
was added 0.25 cc. of dilute (30 per cent.) nitric acid. It was found that 
the addition of this solution prevented the reduction of iron from the ferric 
to the ferrous form, thus preserving the color of the test and standard solu- 
tions without change for a sufficient length of time to compare with accuracy 
at least twelve unknowns against the same sample of the standard. 

Since it was impossible to remove all the moisture by pressure from the 
plant tissue, some means had to be adopted by which total filterable iron 
could be determined on the basis of dry plant tissue. This was accom- 
plished as follows : 

The tissue for which iron determinations were to be made was cut into 
rather small pieces and thoroughly mixed. One sample was taken from 
the mixed tissue and frozen in order to extract the tissue fluid. Iron 
analyses were made on 1 cc. of the extracted filtered fluid according to the 
method previously described. The remainder of the plant tissue was 
weighed, dried, and the moisture content determined. From this, the 
amount of moisture per gram of dried plant tissue was calculated. 

The quantitative iron analyses on 1 cc. samples of the filtered tissue 
fluid, together with the determinations of moisture and the content of solid 
material in the filtrates, furnished the necessary basis for the calculation of 
the iron per gram of dry material in the plant tissues in question. 
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Experimental results 

Introductory 

The practice of supplying. iron to certain species grown in artificial 
media in suitable proportions and in such a manner as to prevent the ap- 
pearance of chlorosis from lack of this element and produce healthy green 
plants is attended with considerable difficulty. To accomplish this requires 
a knowledge of the internal nature of the particular species in question as 
well as the chemical nature of the culture media. 

It has long been observed that not only do plants of different species 
require different amounts of iron, but also that plants of the same species 
require different amounts of iron from time to time, depending upon the 
degree of light intensity : that is, the iron requirement of the plants varies 
with the light intensity. How^ever, this is much more pronounced in some 
species than in others. Among the species exhibiting the characteristic of 
marked variation in iron requirement with variation in light intensity are 
those in which the pH of the tissue fluids lies close to or above the precipi- 
tation point of iron; and such plants are frequently employed in experi- 
mental work. In this type of plant, chlorosis may occur under certain 
conditions from lack of iron in the chlorophyllous cells with an adequate 
concentration of available iron in the culture media. It was found that 
the proper concentrations of available iron required in the culture medium 
to prevent chlorosis in these plants during a period of low light intensity, 
such as a period of cloudy weather, was entirely inadequate to maintain the 
normal green color in the plants during periods of high light intensity, 
such as a series of successive clear days during the summer months. 

On the other hand, those species in which the pH of the tissue fluids is 
considerably below the precipitation point of iron do not exhibit any marked 
variation in the iron requirement with variation in light intensity, nor is 
the iron concentration in the medium required to maintain the healthy green 
color in these plants ever so great as it must be for the type of j)lant in 
which the pH of the tissue fluids lies near or above the precipitation point 
of iron. It is thus evident that the cause of chlorosis due to the lack of iron 
is largely dependent upon factors existing within the plant, through the 
agency of which the iron may be precipitated at certain points along the 
paths of translocation in stems or leaves, thus preventing the migration 
of iron into the chlorophyllous cells. 

It is well known that under most field conditions where the soil solution 
is slightly acid in reaction, plants can usually obtain a sufficient supply of 
iron during all phases of growth. In certain alkaline soils, however, some 
important agricultural plants are unable to obtain a sufficient amount of 
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available iron, thus causing considerable loss in production, while under 
the same conditions other plants appear to suffer no injury from lack of 
available iron. It is reasonable to assume, therefore, that an internal 
mechanism renders small quantities of iron mobile in the plant and avail- 
able to the chlorophyllous cells. It was with these points in mind that the 
present investigation was undertaken. 

The influence of light intensity on the H-ion concentration of plant tissue 

fluids 

The data obtained from the experiments conducted for the purpose of 
showing the effect of light intensity on the hydrogen-ion concentration of 
plant tissue fluids are presented in tables I and II. In the first column of 
each table is given the time at which pH determinations of tissue fluids were 
made during a period of 24 hours. In the succeeding columns are given the 
average pH values of juices of stems and leaves of the plants indicated at 
the head of the respective columns. Each value represents the average of 
two or more determinations. The results given in table I are all from plants 
with thin leaves, while those of table II deal with thick-leaved, fleshy plants. 

Figure 1 shows the graphs plotted from the data as given in table I, rep- 
resenting the course of change in the pH values of the stem and leaf juices 
of buckwheat plants during a period of 24 hours. The experiment from 
which these data were obtained was carried out in the spring of the year, the 


TABLE I 

pH values or tissue fluids of stems and leaves of buckwheat, clover and Rumex 

PLANTS AT TWO HOUR INTERVALS 


Time 

Buckwheat 

Clover 

Rumex 

Stems 

Leaves 

Stems 

Leaves 

Leaves 

9: 00 A. M. 

4.615 

5.047 

5.596 

5.968 

4.210 

11: 00 A. M. 

4.531 

5.139 

5.697 

5.934 

4.193 

1: 00 P. M. 

4.804 

5.342 

5.883 

6.272 

4.328 

3: 00 P. M. 

4.726 

5.333 

5.868 

6,238 

4.480 

5: 00 P. M. 

4.767 

5.376 

5.985 

6.342 

4.514 

7: 00 P. M. 

4.757 

5.351 

5.951 ! 

6.340 

4.311 

9: 00 P. M. 

4.446 

5.300 

5.866 

6.255 

4.277 

11: 00 P. M. 

4.548 

5.190 

5.765 

6.002 

4.176 

1: 00 A. M. 

4.497 

5.139 

5.783 

5.951 

4.193 

3: 00 A. M. 

4.353 

5.089 

5.714 

5.968 

4.108 

5: 00 A. M. 

4.447 

5.021 

5.630 

5.850 

4.032 

7: 00 A. M. 

4.454 

4.920 

! 5.613 

5.850 

4.057 
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Figs. 1 (upi)er) and 2 (lower). Graphs representing the course of change in pH values 
of leaf and stem juices of buckwheat and clover plants during — . 
a 24-hour experimental interval. 
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sky being perfectly clear during the experimental interval, so that the plants 
were exposed to approximately maximum variation of light intensity from 
day to night for this period of the year. These graphs clearly bring out the 
fact that there is considerable change in hydrogen-ion concentration of the 
juices of both stems and leaves which decreases during the day with increase 
in light intensity and increases during the night. It will be observed that 
the juices of buckwheat stems are much more acid than are those of the 
leaves, the stems having a maximum pH of 4.79 and a minimum of 4.45, 
while the corresponding pH values for leaves are 5.37 and 4.92, respectively. 
While there is a marked difference in pH values between stems and leaves, as 
indicated by the graphs, the range of variation in these values over a 24 
hour period is about the same for the juices of both stems and leaves. Not 
only are they alike in this respect, but also there is a pronounced similarity 
in tlie general trend of the graphs representing the course of change in pH 
values. It will be observed, however, that the graph representing pH values 
of stem juices is somewhat less regular in its general outline than is that 
representing pH values of leaf juices. Highest H-ion concentration for 
stems is indicated at 3 A. M. and for leaves at 5 A. M., while minimum H-ion 
concentrations (maximum pH value) are indicated for stem and leaf tissue 
fluids at 1 P. M. and 5 P. M., respectively. Although the pH of the stem 
juices appears to fall after 1 P. M., there is no immediate pronounced de- 
crease until 5 P. M., when the values decrease quite rapidly following the 
rapid decrease in light intensity. 

In figure 2 are given the data for clover as taken from table I and plotted 
in the same manner as are those for buckwheat in figure 1. The experiment 
from which these data were obtained w^as carried out on a clear day similar 
to that on which the data for buckwheat were obtained. It will be observed 
that the pH values for the juices of clover are much higher than for those 
of buckwheat, these values for the juices of clover being above the precipita- 
tion point of iron during the day and slightly below this point during the 
night i^eriod. Nevertheless, the range in daily variation appears to be much 
the same in both species. Here again, the juices of stems are much more 
acid than are those of the leaves, the stems having a maximum pH value of 
5.98 and a minimum of pH 5.59, while the leaves have a maximum of 6.34 
and a minimum of 5.83. Highest acidity is indicated at 7 : 00 A. M. and 
lowest acidity at 5 : 00 P. M. 

The next plant to be considered is Sedym, which is a thick leaved, fleshy 
succulent. The data for this species are presented in table II and are graph- 
ically shown in figure 3. It will be observed that this plant shows the daily 
change in hydrogen-ion concentration to a much more marked degree than 
do those already considered. In stems, the range is from pH 4.78 at 7 : 00 
A. M. to 5.49 at 7 : 00 P. M., while the leaves show a corresponding range 
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TABLE II 

pH values or tissue fluids of stems and leaves of Sedum^ Bryophyllum and 
Tradescantia plants at two hour intervals 


Time 

Sedv m 

Bryophyllum 

Tradescantia 

Stems 

Leaves 

Stems 

Leaves 

Stems 

Leaves 

9: 00 A. M. 

5.131 

5.122 

3.685 

3.584 

4.641 

4.395 

11: 00 A. M. 

4.970 

5.038 

4.311 

4.125 

5.241 

5.207 

1: 00 P. M. 

5.122 

5.081 

4.750 

4.852 

5.528 

5.453 

3 : 00 P. M. . 

5.376 

5.292 

4.835 

4.818 

5.461 

5.384 

5: 00 P. M. 

5.359 

5.359 

4.936 

4.920 

5.511 

5.495 

7 ; 00 P. M. 

5.494 

5.440 

4.666 

4.649 

5.545 

5.494 

9 : 00 P. M. 

5.249 

5.249 

4.159 

4.243 

5.148 

5.173 

11 : 00 P. M. 

5.224 

5.198 

3.753 , 

3.719 

5.351 

5.300 

1: 00 A. M. 

5.207 

5.114 

3.821 

3.685 

5.275 

5.266 

3 : 00 A. M. 

5.087 

5.080 

3.618 

3.516 

4.666 

4.556 

5: 00 A, M. 

4.869 

4.945 

3.652 1 

3.550 

4..548 

4.717 

7 : 00 A. M. 

4.784 

4.911 

3.516 

3.347 

4.599 

4.646 

9 ; 00 A. M. 



3.449 

3.483 

4.954 

4.903 


from 4.91 at 7 : 00 A. M. to 5.46 at 5 : 00 P. M. In this plant the pH values 
of stem and leaf juices show no significant differences and the graphs rep- 
resenting these values follow somewhat the same course throughout. This 
appears to be characteristic of fleshy, thick leaved plants such as were here 
used. 

Bryophyllum, another of the thick leaved, fleshy plants, shows an ex- 
treme range in the pH values of its tissue fluids from day to night, as is indi- 
cated by the graphs of figure 4. This range is more than double that indi- 
cated for Sedum, The maximum pH 4.92 for leaf juices occurred at 5 : 00 
P. M. and the minimum pH 3.34 at 7 : 00 A. M., while the corresponding 
maximum and minimum values for stems, pll 4.93 and pH 3.44 are shown 
for 5 : 00 P. M. and 7 : 00 A. M., respectively. The graphs representing the 
courses of pH values for stems and leaves throughout the experimental 
period run quite closely together, but again there are no significant differ- 
ences between stem and leaf values such as are indicated for the thin-leaved 
plants. 

In table I and table II are presented also data for Rumex and Trades- 
caniia, dealing with the influence of light intensity on the H-ion concentra- 
tion of plant tissue fluid. These data are not here discussed, and are pre- 
sented merely to emphasize the fact that acidity change with variation in 
light intensity is a phenomenon common to many types of plants and occurs 
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7 a.m. 11 3 p.m. 7 11 3 a.m. 7 

Pigs. 3 (upper) and 4 (lower). Graphs representing the course of change in pll values 
of leaf and stem juices of Sedum and BryophyUum plants during 
a 24-hour experimental interval. 

Ill proportion to the degree of siicculency. This is further emphasized by 
tests of many species, the data for which are not here presented. 

Tt has long been known that the succulent plants exhibit periodic rise 
and fall of the acid content of their juices, and the relation of this phenom- 
enon to the respiratory processes has been the subject of extensive and thor- 
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oogh investigation. Both Richards ( 19 ) and Spoehr ( 23 ) have shown 
that the most important single factor w’hich leads to the formation of acids 
in fleshy succulents is a Iqw or insufficient oxygen supply, while their disap- 
pearance is mainly due to the photolytic action of light which breaks them 
down into simpler substances. But whether the low pH values of plant 
tissue fluids in the absence of light are the result of the formation and ac- 
cumulation, under these conditions, of titratable organic acids, or whether 
they are due to the formation of carbonic acid from the accumulation and 
solution of carbon dioxide in the plant juices at night, as appears to be indi- 
cated by the work of Maquenne and Demoussy ( 14 ) are (piestions which 
have not been experimentally investigated. 

The present investigation, however, is not concerned with the causes 
underlying the accumulation and disappearance of organic acids in 
plants, but only with the fact that pH fluctuations of plant tissue fluids do 
occur, not only in fleshy succulents but also, to a lesser extent, in plants ex- 
hibiting a low degree of succuleney, and that these fluctuations are directly 
related to variations in light intensity. To demonstrate that light is the 
important factor in the diurnal pH fluctuations of plant tissue fluids, a 
comparison was made of the juices of the plants of BryophyUiini and 
Sedum, exposed in the greenhouse to alternating day and night during 24 
hour periods, with the juices of plants of the same age grown under similar 
conditions, but kept in dark chambers in the greenhouse during correspond- 
ing 24 hour periods. Care was taken to keep the temperatures approxi- 
mately equal around the plants inside and outside of the dark chambers 

TABLE ITT 

pH values op tue tissue fluids op Sedvm and BryopliyUnm plants in continuous 

DARKNESS AS COMPARED WITH THOSE EXPOSED TO INTERMITTENT 
PERIODS OF LIGHT AND DARKNESS 


Time 

Sedvm 

Bryophjfllnm 

Light 

Dark 

Light 

Hark 


pH 

pH 

pH 

pH 

9: 00 A. M. 

5.004 

4.936 

3.922 

3.483 

1: 00 P. M. 

5.495 

4.970 

4.514 

3.483 

4: 00 P. M. 

5.562 

4.953 

5.004 

3.483 

8: 00 P. M. 

5.325 

4.920 

4.632 

3.615 

12: 00 P. M. . 

5.207 

4.953 

4.023 

3.584 

6: 00 A. M. 

4.920 

4.936 

3.347 

3.550 
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9 a.m. 1 p.m. 4 6 12 6 a.m« 

Figs. 5 (upper) and 6 (lower). Graphs representing the pH values of tissue fluids of 
Sediim and Bri/ophyllum plants which w^ere exposed to intermittent (unbroken 
line) and continuous (broken line) periods of darkness. 

(luring the experimental periods. Data for sucli a comparison are given in 
table III and are shown graphicially in figures 5 and 6. 

It will be observed that the juices of the plants exposed to alternate light 
and dark show the usual wide range in pH values, while the juices of the 
plants kept in continuous darkness show only very slight fluctuations which 
are not at all related to the light factor. 
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It may be of interest here to emphasize the point that comparisons of 
plant tissues or tissue fluids, particularly with respect to pH values and 
also, as will be brought oirt later, with respect to soluble iron content, can be 
of little value unless the samples upon which quantitative measurements are 
made are collected at the same time during the day or night. External con- 
ditions, particularly light intensity, which is subject to almost continuous 
fluctuation, have a pronounced influence upon these internal factors and 
may render any set of measurements of them useless for purposes of com- 
parison unless careful attention is given to the collection and preparation 
of experimental material. 

Relation of pH values to soluble iron content of plant tissue fluids 

It has been suggested by Hoffer and Carr (9) that the mobility of iron 
and aluminum salts in plants is associated with high sap acidity, and they 
have shown that under certain conditions relatively large quantities of iron 
and aluminum will accumulate in different parts of corn plants. It has 
also been shown by Marsh and Stiive (15) that plants under certain condi- 
tions may become chlorotic from lack of iron in the leaves when the total 
iron content of the plants is excessively high. Furthermore, in view of the 
fact that the iron requirement of plants is relatively high during periods 
of high light intensity and low during periods of diminished light, it is of 
interest to determine whether or not the soluble or filterahle iron in plants 
bears any relation to the periodic fluctuation in the pH values of the tissue 
fluids resulting from variations in light intensity. 

Accordingly, the soluble (filterable) iron content of tissue extracts taken 
at regular intervals throughout 24-hour experimental periods was deter- 
mined for a number of species. The manner of taking samples, preparing 
the extracts, and the technique employed in making the pH tests and the 
chemical analyses have already been described. The data are presented in 
table IV. This experiment, like those previously described, whh carried out 
on clear days so that the plants were exposed to approximately maximum 
variation in light intensity from day to night. 

Examination of the data of table IV brings out the fact that there is a 
direct and very exact relation between the H-ion concentration of the tissue 
fluids and the soluble iron content of all the species investigated. In each 
species, the fluctuation in pH values of the plant juices with variation in 
light intensity is followed, in the inverse order, by a corresponding fluctua- 
tion in the soluble iron content. That is, for each species, low pH values 
correspond with high soluble iron content and high pH values with low 
soluble iron content. 

To bring out the exactness of this relation and to show the course of fluc- 
tuation of the soluble iron content in the plants during a 24-hour period. 
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TABLE IV 

pH VALDES AND SOLUBLE (PILTEEABLE) IRON CONTENT, EXPRESSED AS MO. PER ORAM Of 
DRY TISSUE, AT INTERVALS DURING 24-HOUR EXPERIMENTAL PERIODS 


Plant 

Time 

Stems 

Leaves 

Acidity 

Fe 

Acidity 

Fe 



pU 

mg. 

ps 

mg. 

Asparagus 

6: 00 A. M. 

5.478 

0.0342 

5.687 

0.0299 


12: 00 Noon 

5.528 

0.0277 

5.850 

0.0239 


5: 00 P. M. 

5.664 

0.0245 

6.086 

0.0223 


12: 00 Night 

5.511 

0.0302 

5.816 

0.0267 

Clover 

0: 00 A. M. 

5.630 

0.0327 

5.934 

0.0316 


12: 00 Noon 

5.866 

0.0202 

6.137 

0.0275 


5: 00 P. M. 

5.968 

0.0241 

6.357 

0.0247 


12: 00 Night 

5.731 

0.0329 

5.985 

0.0289 

Soybean 

0: 00 A. M. 

5.731 

0.0354 

5.883 

0.0330 


12: 00 Noon 

5.782 

0.0300 

5.923 

0.0299 


5: 00 P. M. 

5.830 

0.0247 

6.230 

0.0212 


12: 00 Night 

5.799 

0.0333 

5.960 

0.0244 

Tobacco 

0: 00 A. M. 



5.579 

0.0438 


.12: 00 Noon 



5.765 

0.0315 


5: 00 P. M. 



5.833 

0.0364 


12: 00 Night 



5.664 

0.0445 

Tomato 

5: 00 A. M. 

5.190 

0.0392 

5.579 

0.0314 


9: 00 A, M. 

5.207 

0.0373 

5.718 

0.0299 


1: 00 A. M. 

5.461 

0.0331 

5.985 

0.0256 


5 : 00 P. 

5.562 

0.0298 

6.154 

0.0237 


9: 00 P. M. 


0.0361 

6.036 

0.0266 


1: 00 A. M. 

5.308 

0.0345 

5.799 

0.0295 

Buckwheat 

5 ; 00 A, M. 

4.395 

0.0751 

4.903 

0.0588 


9: 00 A. M. 

4.427 

0.0762 

4.970 

0.0566 


1: 00 P. M. 

4.598 

0.0668 

5.038 

0.0489 


5: 00 P. M. 

4.804 

0.0626 

5.359 

0.0445 


9: 00 P. M. 

4.767 

0.0676 

5.258 

0.0518 


1: 00 A. M. 

4.362 

0.0768 

5.089 

0.0588 

Secluni, whole plant 

5: 00 A. M. 

4.936 

0.0535 




8: 00 A. M. 

5.055 

0.0502 




1 : 00 P. M. 

5.241 

0.0429 




5: 00 P. M. 

5.427 

0.0399 




12: 00 Night 

5.122 

0.0535 



Bryopliyllum 

o: 00 A. M. 



3.483 

0.1071 


8: 00 A. M. 



3.612 



1:00 P.M. 



4.210 

0.0972 


5: 00 P. M. 



4.896 

0.0861 


12 : 00 Night 



4.023 

0.1020 

Dock, whole plant 

0 ; 00 A. M. 

4.091 

0.0762 




8: 00 A. M. 

4.193 

0.0640 




1 : 00 P. M. 

4.226 

0.0557 




5: 00 P. M. 

4.480 

0.0513 




12 : 00 Night 

4.362 

0.0640 
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mgs. 
per g. 

.038 



Figs. 7 (upper) and 8 (lower). Graphs rei)resenting the course of variation in pH 


values and soluble iron content of Sednm and Bryophyllum plants 


during a 24-hour experimental interval. 


the, data for two species of fleshy succulents {Bryophyllum and Sednm) 
and for two species of thin-leaved plants showing a relatively low degree of 
succulency (tomato and buckwheat) have been plotted to form the graphs 
of figures 7 and 8, and 9 and 10. The pH values and the values for the 
soluble iron content for each of these species are plotted together to form a 
pair of graphs with common abscissas, the ordinates on the left indicating 
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pH values, those on the right expressing soluble iron content (mg. per 
gram of dry plant tissue). To avoid intersecting of the graphs, the ordi- 
nates on the right are written in the inverted order. 

The lower graph for each species (figs. 7 and 8) shows the usual course of 
pH change during a 24-hour period and this, in every case, is almost dupli- 
cated by the inverted graph representing the course of fluctuation in the 
soluble iron content during the same period, thus indicating an intimate 
relation between pH values of tissue fluids and that portion of iron in the 
plant which may be regarded as the active fraction, on the reasonable as- 
sumption that filterable iron here considered is mobile, readily available, and 
capable of functioning in the plant processes. 

Another significant and important relation is here indicated. A com- 
parison of the data for Bryophyllum with those for Sedum (fleshy suc- 
culents, figs. 7 and 8) brings out the fact that the juices of the former show 
relatively low pH values, ranging between 3.48 and 4.90, with a relatively 
very high content of filterable iron, ranging between 0.0861 and 0.1071 mg. 
Xier gram of dry tissue ; while the juices of the latter show higher pH values, 
4.94 to 5.43, with a correspondingly much lower content of filterable iron, 
ranging from 0.0399 to 0.0536 mg. per gram of dry tissue during a 24-hour 
period. A comparison of the data for tomato and buckwheat (thin-leaved 
plants with relatively low degree of succulency, figures 9 and 10) shows 
this relation in an equally definite manner. Of the four species graphically 
considered, the tomato shows the highest pH values, varying between 5.58 
and 6.15, and the lowest content of filterable iron, fluctuating between 
0.0314 and 0.0237 mg. per gram of dry tissue, during an experimental period 
of 24 hours. This relation holds for all the species the data for which are 
presented in table IV. Furthermore, the relation holds also for different 
organs of the same plant, as between stems and leaves, when these organs 
show considerable difference in the pH values of their juices. This is 
clearly shown by the data in table IV for stems and leaves of buckwheat, 
tomato, asparagus and soybeans. The significance of this relation will be 
further considered in the following section. 

It might be well here to suggest that from the data thus far presented it 
appears that those plants in which the pH values of the tissue fluids lie 
close to the precipitation point of iron (about 6.0) show greater fluctuation 
in the filterable iron content from day to night than do those plants in which 
the pH values of the tissue fluids lie considerably below the precipitation 
point of iron. This is probably to be inferred from the fact, as will be 
brought out later, that in plants of the latter type a high percentage of the 
total iron is in the soluble form, and under such conditions small fluctuations 
in this fraction might be expected. However, this is merely put forth as 
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Figs. 9 (upper) and 10 (lower). Graphs representing the course of variation in pH 
values and soluble iron content of buckwheat and tomato leaves during 
a 24-hour experimental interval. 

a suggestion, since not sufBcient evidence of a positive character is at hand 
to warrant a definite conclusion. 

Comparison of soluble and total iron content of plants with pH of 

tissue fluids 

It has already been pointed out that in certain types of plants, only a 
very low percentage of the total iron in the tissues is in the soluble (filter- 
able) state, while in other type^ of plants nearly all the iron is in the soluble 
state. A study was made of a number of species showing a range in the 
average pH values of tissue fluids from 4.04 to 6.10, in order to emphasize 
the relation which pH values of the tissue fluids bear to total, insoluble, and 
soluble iron fractions in the various species. 
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TABLE V 

Average pH values, total and soluble iron content op various plants 
OVER A 24-hour period 



Leap 

Stem 

Plant 

Fe, per gram 

OP DRY 

Fe, per gram 

OF DRY 


TISSUE 



TISSUE 



Acidity 

Total 

Soluble 

Acidity 

Total 

Soluble 


pH 

mg. 

mg. 

pH 

mg. 

mg. 

Bryophyllum 

4.04 

0.137 

0.0958 




Rumex (whole plant) 

4.24 

0.219 

0.0622 




Buckwheat 

5.10 

0.269 

0.0516 

4.58 

0.082 

0.0696 

Sedum (w'hole plant) 

5.16 

0.278 

0.0477 




Tobacco 

5.74 

0.325 

0.0390 




Tomato 

5.87 

0.297 

0.0277 

5.38 

0.089 

0.0349 

Asparagus 

5.87 

0.373 

0.0256 

5.54 

0.111 

0.0214 

Soybeans 

6.01 

0.469 

0.0246 

5.79 

0.142 

0.0308 

Clover 

6.10 

0.571 

0.0281 

5.78 

0.214 

0.0299 


The data for the various species presented in table V are arranged in 
the as(?ending order of average pH values of the different species. The data 
were obtained by collecting samples of each species at regular intervals 
(two or four hour intervals) throughout twenty-four hour periods on clear 
days. The various measurements were made on these samples and the cor- 
resi)onding values obtained for each species were then averaged ; so that each 
value in the table represents the average of the values obtained over a 
twenty-four hour period. 

Tt will be observed that the total iron content increases in the different 
species as the pH value of the tissue fluids increases : that is, high total iron 
in any given species corresponds to high pH value of the tissue fluids and low 
total iron with Iom^ pH values. Thus, Bryophyllum with the low average pH 
value of 4.04, shows also a relatively low total iron content of 0.137 mg. per 
gram of dry tissue; while clover with a pH value of 6.10, shows the ab- 
normally high total iron content of 0.571 mg. per gram of dry tissue. On 
the other hand, the soluble iron content of the different species varies in the 
inverse order with variation in pH values of the tissue fluids. That is, low 
pH values correspond to high soluble iron, and high pH values correspond 
with low soluble iron. Thus, Bryophyllum with a low average pH value of 
4.04 shows a low total iron content (0.137) but relatively high soluble iron 
(0.0958) ; while clover with a pH of 6.10 shows the abnormally high total 
iron of 0.571 mg. per gram of dry tissue but a very low content of soluble 
iron (0.0281). These relations hold, not only for the different species, but 
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also for different organs of the same plant, as between stems and leaves when 
these organs show considerable difference in the pH values of their tissue 
fluids, as has already been pointed out. 

Prom the foregoing considerations it is quite apparent that plants like 
Bryophyllum, Rumex and others with relatively low pH values of the tissue 
fluids, absorb only very small quantities of iron, and that practically all of 
the iron absorbed remains in a soluble form and is presumably available 
and capable of functioning in chlorophyll production and other plant 
processes. But plants such as clover, soybeans, and others with high pH 
values of the tissue fluids absorb relatively very large quantities of iron, if 
this is available in the external medium, but only a small proportion of this 
remains in a soluble form in the plant. Much of the total iron in plants 
like these is precipitated, probably along paths of translocation, and is there- 
fore unavailable and undoubtedly does not function in the plant processes. 
If, for any reason, all of the iron in plants of this type should become 
soluble at any one time, iron toxicity would probably follour and might re- 
sult in the death of the plant. 

The cause for the accumulation of relatively large quantities of unavail- 
able iron in the tissues of plants in which the pH values of the sap lie close 
to the precipitation point of iron, or the mechanism by which this is accom- 
plished, is at present not clear. It may be suggested, however, that through 
the precipitation of iron in the plant tissues this element is removed 
from the field of osmotic activity and thereby a diffusion gradient for it 
may be maintained from the outside to the inside of the plant, resulting in 
the accumulation of relatively large quantities of n on-available iron. 

From the data here presented, it is to be expected that plants in which 
the pH values of the tissue fluids lie close to or above the precipitation point 
of iron may yield a high total iron content, but only a small proportion of 
this total iron can function in chlorophyll production and other plant ac- 
tivities. This is made clear, not only by chemical analyses of the tissues and 
tissue fluids, but also by the fact that chlorosis is likely to occur in these 
plants from lack of available iron under slightly unfavorable conditions, 
and particularly under conditions of high light intensity during periods 
of which the plant sap attains its maximum pH value and the plant its 
minimum value for soluble iron. On the other hand, plants in which the 
pH values of the tissue fluids lie considerably below the precipitation point 
of iron show relatively low total iron, but nearly all this iron can be ex- 
tracted with the tissue fluid and is capable of passing through a quantita- 
tive filter-paper of the liighest quality. This iron appears to be quite mobile 
in the plant and is uniformly distributed, as is indicated by quantitative 
analyses of the tissues of the various plant organs, and it is therefore rea- 
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sonable to assume that this iron is capable of functioning in the plant 
processes. 

Summary 

1. The hydrogen ion concentration of tissue fluids varies with light in- 
tensity : low hydrogen ion concentration corresponds to high light intensity, 
and high hydrogen ion concentration to low light intensity. 

2. Fleshy or succulent plants show greater variation in hydrogen ion 
concentration of tissue fluids with change in light intensity than do thin 
leaved plants, the range of variation occurring in proportion to the degree 
of succulency of the plants. 

3. All plants studied show differences in hydrogen ion concentration be- 
tween leaf juices and stem juices; fleshy or succulent plants show much 
lower differences, however, than do non-succulent plants, the degree of dif- 
ference being in proportion to the degree of succulency. 

4. A comparison of hydrogen ion concentration of tissue fluids of differ- 
ent species has no significance whatever unless determinations are made from 
material collected at the same time from plants grown under approximately 
identical conditions. 

5. Soluble (filterable) iron content of plants varies directly with the 
hydrogen ioii concentration variation brought about by changes in light in- 
tensity from day to night. 

6. Plants in which the tissue fluids have low hydrogen ion concentration 
values show high total and relatively low soluble iron content ; and those in 
which tlie tissue fluids have high hydrogen ion concentration values show low 
total iron and relatively high soluble iron content. 

7. In all plants studied, the iron content of leaves is higher than the iron 
content of stems. 

Laboratory of Plant Physiology, 

New Jersey Aoricultitral Experiment Station. 
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PHENOLASB ACTIVITY IN RELATION TO SEED VIABILITY 

W. C. Davis 
(with three figures) 

Introduction 

Oxidase and catalase activity of plant tissues are so frequently used as 
criteria of metabolism and viability that methods for their quantitative 
measurement are becoming increasingly important in physiological tech- 
nique. Quantitative data for catalase, however, are more numerous 
than those of other oxidases, probably because of the difficult}^ en- 
countered in making accurate determinations of oxygenases and peroxidases. 
There are, nevertheless, several important reasons for more frequent estima- 
tions of oxidase activity. The physiological function of catalase is still 
obscure. Oxidases, on the other hand, have been closely associated with 
the ability of living organisms to bring about transformations of materials 
otherwise stable at ordinary temperatures. Though our knowledge of oxida- 
tion-reduction reactions in vivo is as yet fragmentary, the abundant and 
diverse experimental evidence which has accumulated makes inescapable the 
conclusion that oxidases are essential to co-ordinated respiratory and other 
oxidative activities of plants. The correlation between oxidases and physi- 
ological processes has been so definite that these enzymes have been placed 
in a causal relationship to them. The desirability of a convenient quantita- 
tive method for oxidase determination is consequently self-evident. 

Colorimetric methods for estimation of oxidases have been widely used. 
These methods have involved the use of such reagents as alpha-naphthol, 
hydroquinon, pyrogallol, paracresol, ortho- and x^ara-aminophenol and 
others. Though solutions of these reagents are to varying degrees autoxidiz- 
able in air, the amount of spontaneous oxidation can be minimized by keep- 
ing the hydrion concentration within definite limits for each reagent (6). 
All of them, however, are appreciably autoxidized in nearly neutral media. 
This is especially true of t^wo common reagents, phenyl enediamine hydro- 
chloride and dem ethyl -phenyleiiediamine, which have as a consequence been 
little used as such in colorimetric estimations of oxidases. 

In an attempt to procure an understanding of enzymatic processes in 
plants, objection arises to any appreciable modification of the hydrion con- 
centration of the reaction medium from that approximately normal to the 
plant. Realization of this fact has resulted in a search for reagents which 
are not greatly autoxidized in neutral media ( 6 ). A few oxidase reagents 
of this type, such as alpha-naphthol and paracresol are available but they do 
not produce the steep color gradients of more sensitive chromogens. Other 

327 
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things being equal, sensitive reagents reveal more minute differences and 
produce sharper contrasts. These characteristics and the fact that the pro- 
cedure with certain precautions can be made quantitative readily justify 
the use of these reagents despite the apparent complexity of the process. An 
experiment was undertaken with the Nadi reagent to determine its utility in 
the estimation of indophenol oxidase activity in certain plant tissues. This 
reagent has found general application in animal physiology but only infre- 
quent use thus far in plant problems ( 7 , 9 , 10 , 12 ). This report describes 
the use of the Nadi reagent in a study of seed viability. 

Experimental procedure 

The colorimetric procedure for determination of phenolase activity in- 
volved essentially the following steps, namely, the preparation of a com- 
pletely oxidized color standard in terms of which the phenolase activity and 
spontaneous autoxidation are expressed, the determination of the phenolase 
activity of a unit quantity of seed powder, and the spontaneous autoxida- 
tion of the reagent containing a unit quantity of inactivated seed powder. 
The colorimetric reading of the latter was then subtracted from the reading 
obtained for the active enzymatic material and the result recorded as the 
actual phenolase activity. 

The color standard was prepared by taking 125 cc. of M/100 a-phenyl- 
enediamine, an equal amount of M/100 a-naphthol, 62 cc. of 0.25 per cent, 
sodium carbonate and placing them in a 500-cc. bottle through wliieli washed 
air was vigorously bubbled for five days to insure maximum coloration. The 
solution was then made up by volume to 70 per cent, alcohol. It was ob- 
served that the percentage of alcohol, acidity, and alkalinity of the solution 
greatly influenced the color. The resulting oxidized solution had a pH of 
7.0. Since the accuracy of the colorimeter, other things remaining constant, 
depends upon having nearly the same color intensity in the standard and 
unknown, the two were always balanced as nearly as possible. Dilutions of 
the standard made were primarily for the purpose of increasing the ac- 
curacy of the colorimeter determinations. 

A series of convenient dilutions was made by pipetting 1 cc. of the com- 
pletely oxidized Nadi reagent into 40 cc. of 70 per cent, alcohol, 1 in 60, 
1 in 80, 1 in 100, 1 in 150, 1 in 500, and 1 in 1000. These color standards 
were designated in the order given as 40, 60, 80, etc. The enzyme powder 
was in all cases maintained at a concentration of 1 per cent, while the in- 
tensity of the color standard employed was chosen with respect to the 
phenolase activity. 

A small number of assorted seeds was ground in a Nixtamal mill, only 
seeds apparently free from mechanical injury, and infection being se- 
lected. Each group of seeds was labelled to identify it in relation to variety 
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and age. Lots of seeds were then analyzed at random to avoid possible error 
due to preconceived notions. The powder was then screened through an 80 
mesh sieve. In the case of wheat a few determinations were made with 
coarser material which passed through the 40 mesh but not the 80 mesh 
screen. In all other determinations only the material which passed the 
80 mesh screen was used, the object being to secure material as nearly uni- 
form in physical texture and composition as possible. The powder, though 
no definite attempt was made to differentiate the various parts of the seeds, 
was predominantly endosperm and embryo tissue. 

In determination of phenolase activity the sieved powder was weighed 
and made up to 1 per cent, by volume with boiled, distilled water at pH 
6.8 ( 2 , 3 , 14 ). This solution was then allowed to stand for 90 minutes. In 
the nieantime small quantities of dimethyl-para-phenylenediamine hydro- 
chloride (hereafter referred to as phenylenediamine), a-naphthol, and 
sodium carbonate were weighed. The sodium carbonate was used to neu- 
tralize the acidity of the phenylenediamine. When the aqueous enzyme 
solution has stood for 90 minutes at room temperature (23° C. to 26° C.) 
the weighed quantities of a-naphthol and phenylenediamine were made up 
with distilled water to a concentration of M/100. This is approximately the 
concentration employed by other workers in similar investigatons ( 6 , 7 , 10 ), 
and it was found to give satisfactory results with the seeds used in this 
experiment. 

The phenylenediamine and a-naphthol solutions were not made up and 
mixed until used as they are relatively unstable and autoxidizable in the pres- 
ence of air. The substances, however, are quite stable in the solid form, 
a-naphthol as used in this experiment was made up by adding equal parts of 
distilled water and 95 per cent, alchohol. An aqueous solution of a-naphthol 
was also prepared by boiling 8 gm. of the solid a-oaphthol in 1 liter of dis- 
tilled water for about 150 minutes. The solution was then made up to 1 liter 
by volume, cooled, and filtered. A few determinations were then made to see 
if the 9 per cent, alcohol retarded the reaction. No retardation was observed 
and consequently the alcoholic solution of a-naphthol was used in all of the 
experimental work. It was found that 1 cc. of 0.25 per cent, sodium car- 
bonate was sufficient to neutralize the phenylenediamine, giving the final pH 
as 7.5 for the total substrate. A 2-cc. portion of a-naphthol, an equal 
amount of phenylenediamine, 1 cc. of sodium carbonate and 5 cc. of an 
infusion made from 1 part of seed powder in 100 jiarts of distilled water 
were then pipetted into a 9.5 cm. petri dish. The shallow petri dish was 
used to increase the surface area in contact with air ( 5 ), The reaction was 
allowed to proceed for a given period of time wdth occasional shaking and 
the solution was then made up by volume to a 70 per cent, alcohol concen- 
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tration. The frequency and duration of shaking were constant for each 
group of seeds. 

It was observed that the ‘increase in the alcoholic concentration in- 
hibited the enzyme action but did not stop the autoxidation of the reagents. 
A time period of ten minutes was adequate for the resulting di-amino-com- 
pound to become uniformly dispersed in the alcohol. Dye (6) working 
with animal tissues found it necessary to allow 15 minutes for complete 
dispersion of indophenol in alcohol. A difference in the physico-chemical 
properties in plant and animal extracts may account for the difference in 
the time period required for the reaction. 

A volume of the colored solution was then decanted and taken out of the 
petri dish and its color intensity determined in a Duboscq colorimeter 
against the color standard. For a control, 2 cc. of phenylenediamine and 
equal volume of a-naphthol, 1 cc. of sodium carbonate, and 5 cc. of enzyme 
solution were pipetted into a petri dish and made up by volume to 70 per 
cent, alcohol. This made the concentration of the control similar to that of 
the unknown, thus affording a fairly accurate measure of the spontaneous 
oxidation of the Nadi reagents in the presence of atmospheric oxygen. 
Temperature variations in all of the experimental work remained in the 
range of 22.9 to 26.3° C. The per cent, oxidation of indophenol which 
might be formed was divided into the actual amount formed as determined 
in the colorimeter, and this was expressed as percentage. 

In the determination of catalase activity an apparatus similar to that em- 
ployed by Appleman (1) was used. The determinations were made by 
placing 1 gm. of the seed powder in a 250-cc. Erlenmeyer flask, with 20 cc. 
of hydrogen peroxide, with reaction period (ten minutes) and the shaking 
constant throughout. Corrections for variations in atmospheric pressure 
were made and the corrected gas volume was recorded. 

The per cent, germination of seeds was taken by selecting multiple lots 
of 25 apparently perfect seeds. These were then treated for 5 minutes in 
0.5 per cent, mercuric chloride solution, washed with distilled water, and 
then placed in sterile petri dishes containing a small amount of uniformly 
moistened absorbent cotton. The seeds were at all times subjected to a 
saturated atmosphere. A germination count was made at the end of each 
day for 5 days. Temperature variation during the germination period was 
from 25 to 34° C. All seeds remained free from infection during the 
germination period. 

The seeds used in the experiments had been stored under ordinary 
laboratory conditions and although no attempt had been made to provide 
absolutely uniform conditions throughout the period of storage, they were 
not exposed to abrupt temperature or moisture fluctuations. 

The experimental data are presented in the accompanying tables l-V. 
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TABLE I 

Age, phenolake activity, and germination 


Age 

Powder 

1 Eeaction 

Oxidation 

Germination 



temperature 




Marquis wheat 



years 

mesh 


per cent. 

per cent. 



80 

23.8 

14 

24 


5 

80 

23.1 

23 

60 


r> 

80 

23.0 

24 

76 


7 

80 

23.0 

16 

28 


8 

80 

23.1 

13 

12 


3 

40 

23.5 

9 

24 


5 

40 

23.0 

25 

60 


6 

40 

22.9 

24 

76 


7 

40 

23.4 

14 

28 


8 

40 

23.3 

13 

12 


Michigan amber wheat 


1 

! 80 

26.7 

21.8 

32 

6 

00 

o 

; 25.6 

21.4 

0 

13 

80 

I 25.6 

13.0 

0 

1 

I 40 

I 25.8 

16.0 

32 

6 

! 40 

1 25.8 

12.0 

0 

13 

! 40 

1 

j 25.8 

10.0 

0 


TABLE IT 

Age, phenolase activity, and germination 


Age 

Reaction 

temperature 

Oxidation 

Germination 

Pink of Winter wheat 

years 


per cent. 

per cent. 

1 

25.1 

; 50 

64 

3 

1 25.0 

29 

8 

4 

j 24.3 

39 

32 

6 

‘ 24.4 

18 

' 0 

1 

i 25.1 

37 

64 

3 

1 25.0 

33 


4 

i 24.2 

29 

32 

6 

24.8 

1 26 

I ^ 

Success beardless barley 

1 

1 25.9 

23 

64 

4 

25.7 

22 

12 

11 . .. . 

26.1 

18 

1 

8 
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TABLE III 


Age, phenolase activity, and germination 


Age 

Reaction 

Time 

Oxidation 

Germination 

temperature 

Reaction 

Total 


Swedish Select spring 

oats 


years 


min. 

min. 

per cent. 

1 per cent. 

1 

25.5 

10 

20 ’ 

18.33 

16 

2 

25.5 

10 

20 

18.19 

16 

3 

25.9 

10 

20 

16.86 

52 

4 . 

1 25.5 

10 

20 

16.21 

1 52 

5 

25.5 

10 

20 

14.00 

12 

1 

6 

25.3 1 

1 10 

20 

15.10 

16 

7 

' 25.3 

1 10 

20 

12.76 

0 

8 

i 25.2 

10 

20 

12.00 

0 

9 

25.1 

10 

20 

10.45 

0 

1 

25.3 

45 

60 

75.90 

1 

o 

25.3 

45 

60 

75.60 

12 

5 

25.3 

45 

60 

75.80 

0 

7 

25.3 

45 

60 

75.96 

0 


TABLE IV 

Age, phenolase activity, and germination 


Age 

Temperatures 

Time 

Oxidation 

Germina- 

tion 

Incubation 

Reaction 

REA(3TI0N 

Total 

Arlington white spine cucumber 

years 

0(7. 

0(7. 

min. ’ 

min. 

per cent. 

per cent. 

2 

25.4 

25.4 

20 

40 

27.0 

56 

3 

25.4 

25.4 1 

20 

40 

26.8 

52 

4 

25.4 

25.4 , 

20 

40 

27.2 

28 

2 

26.7 

26.1 

10 

20 

15.0 

56 

3 

26.1 

26.1 

10 

20 

14.0 

52 

4 

26.1 

26.1 

10 

20 

10.0 

28 

2 

52 

26.3 

10 

20 

13.0 

56 

3 

52 

26.3 

10 

20 

12.0 

52 

4 

52 

26.3 

10 

20 

8.0 

28 


Manchuria spring barley 


1 

25.9 

25.9 

10 

20 

i 

76 

4 

25.9 

25.9 

10 

20 

27 

46 

11 

25.9 

25.9 

10 

20 

24 1 

12 

1 

52 j 

26.4 

10 

20 

30 

76 

4 

52 j 

j 26.4 

10 

20 

26 

1 46 

11 

52 ! 

26.4 

10 

20 

24 

12 
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TABLE V 

Eelation op catalase activity and age in seeds 


Age 

Amount 

Powder 

Amount op gas 

Germination 

Arlington white spine cucumber 

years 

gm . 

mesh 

cc . 

1 percent . 

4 

0.2 

40 

14.55 

56 

4 

0.4 

40 

26.4 

56 

3 

0.2 

40 

14.8 

52 

3 

0.4 1 

40 

32.0 

, 52 

2 

0.2 

40 

15.1 

' 28 

2 

0.4 

40 

33.1 

28 

Michigan amber wheat 

1 

0.4 j 

60 

34.0 

32 

6 

0.4 ; 

60 

27.5 

0 

13 

0.4 

60 

17.0 

0 


Discussion 

111 view of differences in interpretation of the indophenol reaction (7) 
and because of the exploratory character of the present investigation no 
attempt has been made in this report to adopt a critical definition of the 
terms oxidase and phenolase. The terms are employed simply to designate 
the oxidizing components of certain seeds. Although there is a certain 
amount of doubt regarding the exact course of the Nadi reaction there is 
consensus of opinion about the principle involved and the nature of the 
end products. It seems entirely justifiable, therefore, to employ the Nadi 
method in testing the phenolase activity of seeds. The Nadi method has al- 
ready been proved experimentally satisfactory, it is quantitative, and there 
is agreement concerning the fundamental character of the reaction. 

Analysis of the data (tables T-V) reveals that there is no simple quantita- 
tive correlation between phenolase activity, age and germination as de- 
termined by the Nadi reaction. If, however, both the age and percentage 
germination are taken into consideration then a definite though not propor- 
tional relationship becomes apparent. Those samples which were taken from 
relatively young seeds and had a high degree of germination gave corre- 
spondingly a large oxidation percentage. The fact revealed in table 1, that 
the three year old seeds, in the case of Marquis wheat, have a low’cr per- 
centage oxidation than 5 year old seeds is explained, in part at least, by the 
fact that the percentage of germination of the 5 year old grain is more than 
twice as great as that of the 3 year old. Oxidase activity consequently was 
in this instance more closely correlated wdth viability than with age. 
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Similar results have been reported by Crocker and Harrington ( 4 ) for 
Amaranthus retroflexus. Examination of the experimental results obtained 
from the 7 year old wheat with a germination of 28 per cent, as constrasted 
to 8 year old grain with 12 per cent, germination shows a decrease in 
oxidation as the concomitant of age and low vitality. 

A dilference in the amount of oxidation with variation in size of the 
mesh through which the seed powder has passed was also noted (table I). 
The powder which passed through the 40 but not the 80 mesh sieve gave 
more irregular results for both Marquis and Michigan amber wheat. While 
the percentage oxidation was more variable in the 40 mesh than in the 80 
mesh powder it will be noted that the relationship to age and percentage 
germination of the seeds had the same general trend. The percentage of 
oxidation for the two varieties of wheat at the same age is not identical 
nor is there a definite correlation of Marquis and Michigan wheat in relation 
to germination and oxidation. It will also be noted (table I) that the 6 
and 15 year old Michigan amber wheat did not germinate but that the lat- 
ter gave a lower oxidation percentage. This indicates that there is a definite 
relation between age and phenolase activity. 

The parallelism in catalase and phenolase activity in seeds of given age 
is of interest. The latter may prove to be the more reliable index to viability 
if the procedure for its determination can be standardized and simplified. 

There appears to be a positive relationship between catalase and pheno- 
lase activity in Arlington white spine cucumber and Michigan amber wheat 
(fig. 1). The phenolase and catalase activity approximately parallel each 
other in relation to the age of seeds. The decrease in activity of the two 
enzymes accompanying senescence indicates that the intensity of the catalase 



Fig. 1. Comparison of phenolase and catalase activity in seeds of wheat and cucumbers. 
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activity had no appreciable eifect upon the amount of indophenol pro- 
duced (7). 

The same generalizations in relation to age and per cent, of germination 
apply to the Pink of Winter wheat (table II)/ The three year old Pink of 
Winter wheat with 8 per cent, germination gave a lower percentage oxida- 
tion than the four year old wheat of the same variety but with 32 per cent, 
germination. This situation is similar to that occurring in Marquis wheat 
(table I). These two cases indicate that there is a greater amount of cor- 
relation between oxidation and germination than between age and oxidation 
in the case of wheat. Success beardless barley, on the other hand (table 
II), disclosed a slow decrease in the rate of oxidation in relation to both age 
and germination for the first 4 years and then a relatively large decrease 
in relation to viability and senescence. 

The drop in percentage oxidation is shown graphically (fig. 2). Barley, 
oats, and cucumber show a definite decrease in the phenolase activity in rela- 
tion to age of the seeds. In wheat, on the other hand, there is an initial in- 
crease in the percentage oxidation which is subsequently followed by a 
decrease. It is, however, to be noted that the increase in the phenolase ac- 
tivity of wheat is also accompanied by an increase in the percentage germina- 
tion. In the other determinations (fig. 2) the germination percentage de- 
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Fig. 2. Phenolase activity curves for various seeds of different ages. The numbers in 
the circles give the per cent, germination. 

creases as the age increases in all species except oats. In this case, despite 
the increase in the per cent, germination, there is a decrease in degree of 
oxidation with age. 

Harrison (7) and other workers (8, 11) have shown that the indophenol 
formed in the Nadi reaction may in turn react with reducing substances 
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such as glutathione and hypoxanthinc, being thereby reduced to its color- 
less leuco base. The final q^uantity of indophenol thus may be no reliable 
criterion of peroxidase activity if the concentration of reducing substances 
present is high. In a study of the type here reported, the utility of the 
Nadi reaction is not lost on this account, because reduction reactions in 
dormant seeds are inappreciable in comparison with those in actively grow- 
ing tissues. The dilutions of the seed extracts and the brief time allowed 
for the reaction still further minimized reduction of indophenol. 

Error of greater magnitude may possibly be introduced into the Nadi 
reaction by the presence of an appreciable amount of catalase, due to its 
decomposition of the peroxide upon which the formation of indophenol de- 
pends. Several investigations ( 7 , 10 ) have shown that the inactivation of 
the more thermosensitive catalase at moderate temperatures actually results 
in an increase of indophenol by peroxidases. To test the effect of catalase 
on the formation of indophenol by phenolase, several samples of enzymatic 
seed extracts were subjected to a mild heat treatment. 

Heat treatment at 52° C. for 90 minutes in a water bath without shak- 
ing ( 7 , 10 ) decreased rather than increased phenolase activity in Manchuria 
spring barley and Arlington white spine cucumber (fig. 3). Tn the case of 



1 23456789 10 11 12 

YEARS 

Fig. 3. Effect of heat treatment on phenolase activity. 

barley of considerable age, the temperature treatment had very little effect 
upon the rate of oxidation. The effects of catalase in the dilutions of seed 
extracts employed thus appear to have been negligible. 

The results of catalase determinations (table V) show a decrease in ac- 
tivity with age and low percentages of germination. Many experiments 
have been made on catalase in search of a method to determine viability, 
especially of seeds. Sampietko (13) and Ceocker and Harrington (4) 
show a relationship between catalase activity, age and germination. The 
correlation, however, is not definite enough to make reliable forecasts of the 
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germination percentage. The greater part of the work so far done with 
catalase in relation to germination apparently has been unable to evaluate 
precisely the effect of growth and storage conditions on enzymatic activity. 

In conclusion, the Nadi reaction, involving short reaction periods and 
dilutions of seed extracts as above described, was found to yield concordant 
results in the study of phenolase activity of dry seeds of varying age. 
When the limitations of the Nadi reaction are circumvented, its sensivity 
makes it a simple and valuable indicator of oxidase activity. Phenolase 
activity as herein determined showed a high degree of correlation with seed 
viability. 

Summary 

A modification of the Nadi reaction for phenolase determination is de- 
scribed. Phenolase activity was high in young seeds with a high percentage 
of germination and low in old seeds of low percentage of germination. 
Enzymatic material heat treated at 25° C. for 90 minutes did not show in- 
crease in i)henolase activity. Phenolase and catalase activity in general were 
Iiarallel in cucumber and wheat. 

University of Hawaii, 

Honolulu, Oaht\ 
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USE OF EXPRESSED SAP IN PHYSIOLOGIC STUDIES OF CORN* 
J. D. Sat|ib and V. H. Mobbis 
(WI^H FOUR figures) 

In planning an extensive series physiologic studies with corn, the 
need was felt for rapid, simple, yet ':accurate methods of making certain 
determinations. Plant physiologists have been using sap expressed under 
high pressures in various physiologic studies for many years. The appara- 
tus ajid methods used and the resyfes obt^ned have differed so widely that 
it was considered desirable to tjy diffiexpitt methods to find one that could 
be used satisfactorily in the investigations in mind. A description of the 
apparatus and procedure found satisfactory in obtaining samples of sap 
from vegetative parts of the corn plant suitable for some phases of the 
investigations, and data showing some of the limits within which such 
samples may be used are presented in this paper. 

Apparatus and methods 

A small laboratory hydraulic press (fig. 1) vras used for expressing the 
sap from the corn tissues. A cage to contain the tissues, similar to that 
described by Meyer (2), was constructed so that the 25,000 pounds total 
working load exerted a pressure of 3,000 pounds per square inch on the 
tissue in the cage. The apparatus was arranged so that the sap obtained 
w^as filtered. The filter consisted of a layer of linen cloth and a layer of 
lOO-mesh copper sieve wire placed over a perforated steel disk in the 
bottom of the cage. The disk was perforated with one-sixteenth inch holes, 
arranged radially in rows, with grooves on the lower side of the disk for 
drainage. Filtered through this, the sap contained no cell residue and was 
practically free from suspended material. The cage was sealed liquid tight 
by a rubber stopper placed above the tissue. 

A uniform time of draining was found necessary for obtaining com- 
parable results. If many samples are to be examined this time must be a 
minimum. In these experiments five minutes were allowed for draining, 
during which time the pressure was maintained at 25,000 pounds; this was 
long enough to express practically all of the obtainable sap. 

In some of the experiments it was desired to test successive portions of 
the sap. The successive 10-cc. samples of sap from 100 grams of tissue 
were collected in separate 10-cc. graduated cylinders. The same process 

1 Based on investigations cooperative between the Ohio State Agricultural Experi- 
ment Station and the Office of Cereal Crops and Diseases, Bureau of Plant Industry, 
U. 8. Department of Agriculture. 
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Fig. 1. Equipment used for obtaining samples of expressed sap from coin tissue. 

was repeated with two other lOO-gram samples of tissue and the correspond- 
ing portions from the three expressions were mixed to provide samples for 
examination. 

Total solids in the sap were determined with the refractometer, Gortner 
and Hoffman (1). The total reducing power of the sap was determined 
by a modification of the Quisumbing-Tjiomar method (3) after inversion 
of the sucrose by invertase. In analyzing the plant tissue for sugars for 
comparison with estimates based on the sap analyses the samples, which 
had been preserved in alcohol, were extracted with 80 per cent, alcohol and 
the total reducing power determined as above. In the comparisons shown 
this IS designated as the ‘"standard’" method in contrast to the “sap” 
method. 

Results 

The experiments fall naturally into studies of (1) factors involving the 
amount of sap or water expressed, (2) the sugars and total solids in the sap 
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and in sxiccessive portions thereof, and (3) the relation between the sugars 
in the sap and in the tissue. The results with sucrose and with free reduc- 
ing sugars were so alike that they have been combined, and only total sugars 
are reported. 


The amount op sap expressed 

Among the factors aifecting the amount of sap which could be expressed 
studies were made of the preliminary treatment of the tissue, the size of 
sample, and the kind of tissue and its moisture content. 

Effects of preliminary treatment . — ^Various methods of treating the tis- 
sue prior to expressing the sap have been used by other workers. These 
methods have been summarized by Meyer (2). Here, preparation by 
grinding the tissue with a food grinder (fig. 1) and mincing it, with and 
without freezing it to -9° C. in each case were compared. The grams of 
sap recovered from 100 grams of blade tissue of Burr-Learning corn and of 
orcliard grass after the different treatments are shown in table I. 

TABLE I 

Thk amount or sap expressed prom blade tissue or corn and or orchard grass 

FOLLOWING DIFFERENT TREATMENTS 

(Average of three determinations) 



Amount of sap from 100 grams of tissue 

Blade tissue from 

Ground 

1 Ground and 

FROZFJ^ 

Minced 

Minced and 

FROZEN 

1 

gm. 

gm. 

gm. 

gm. 

Corn 

71 

72 

26 

45 

Orcliard grass 

53 

58 

13 

33 


More sap was recovered after grinding only than after mincing, either 
with or without freezing. Moreover, the additional amount of sap recov- 
ered after grinding and freezing the tissue, above that obtained after grind- 
ing only, was negligible. Grinding is more simple and rapid, and omission 
of freezing avoids any danger of change in the colloids that might result 
from that process. Finally, as will be shown later, successive portions of 
sap were more nearly alike after grinding than after mincing. Grinding 
seemed to be the preferable method of preparation and accordingly was 
used in the succeeding experiments reported in this paper. 
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The influence op size of sample. — Using uniform pressures and times 
of draining, samples of 50, 100, and 150 grams were compared. Repre- 
sentative data for different tissues are given in table II. 

TABLE II 

Percentage op total weight expressed as sap prom dipperent sized samples op 

DIFPERENT CORN TISSUES 


Percentage total weight expressed prom samples op : 


IVIJNU UJ* TiMbUJ!. 

50 GRAMS 

100 GRAMS 

150 GRAMS 


per cent . 

per cent . 

per cent . 

Stem . .. 

82 

80 

80 

Blade 

78 

72 

i 1 

66 


Larger percentages of sap were removed from the smaller samples, 
particularly of the blade tissue. As will be shown later, the sap remaining 
in the press cake is similar in composition, in certain respects, to that 
expressed. Accordingly, the 100-gram sample was used in our experiments 
in order to provide adequate quantities of sap and moderately high expres- 
sion. For some purposes it probably would be better to obtain tlie neces- 
sary sap from two smaller samples. 

Kind of tissue and moisture content. — The amount of sap removed 
by pressure from blade and stem tissue of Burr-Learning corn at different 
stages in its development is shown graphically in figure 2. The amount of 
sap obtained has been expressed as cubic centimeters of water (by sub- 
tracting the total solids from the weight of sap obtained) for comparison 
with the absolute moisture content of the tissue. 

The amount of winter which was expressed naturally was highly corre- 
lated with the amount in the tissue. This correlation was not perfect, 
however, a larger amount of water remaining in the blade tissue (20 to 27 
cc.) than in the stem tissue (8 to 10 cc.). In the blade tissue, moreover, 
the absolute amount left after pressure extraction was larger in the samples 
obtained later in the season and in which the original moisture contents 
.were less. 

Solids and sugars in successive portions of sap 

If successive portions of sap expressed from a given sample of tissue 
have the same composition with respect to certain constituents, the sap 
remaining in the press cake may be assumed also to have this composition. 
The total solids, sucrose, and free reducing sugars were determined in sue- 



SAYRE AND MORRIS: EXPRESSED SAP 


143 



and from stem tissue of Burr-Learning corn, summer 3929. 


cessive portions of sap from different tissues after grinding only and after 
mincing. The data from a representative experiment are shown in table III. 

The solids content decreased in the successive portions of sap from all 
samples. The decrease was greater with blade tlian with stem tissue, and 
greater with minced than with ground tissue. The maximum decrease was 
from 6.2 per cent, of solids in the first portion to 4.2 per cent, in the last 
portion of sap from minced blade tissue. The corresponding decrease for 
the ground tissue was from 11.1 to 9.1 per cent. The differences M’ith the 
stem tissue were similar though usually smaller. 

The percentages of sugars were practically the same in the successive 
portions from ground tissue, whether stem or blade. With the minced 
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S'e/c‘C‘jess/Mre /occ. ^oj^t/oa'S' 

PlO. 3. Percentage of total aolids and total sugars in successive lO-cc. portions of sap 
from blade tissue of Burr-Leaming corn. A = 86 per cent, moisture, B = 74 
per cent, moisture, C = 70 per cent, moisture. 
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TABLE III 

Percentages op total solids and total sugars, in successive 10-cc. portions op expressed 

SAP OP DIPPEBENT COEN TISSUES AFTER DIFFERENT TREATMENTS 



Ground 

Minced 

Portion 

Stem 

Blade 

Stem 

Blade 


Solids 

Sugars 

Solids 

Sugars 

Solids 

Sugars 

Solids 

Sugars 


per cent . 

per cent . 

per cent . 

per cent . 

per cent . 

per cent * 

per cent . 

per cent . 

1 

12.9 

12.1 

11.1 

2.9 

9.9 

10.1 

6.2 

2.4 

2 

12.9 

12.2 

11.3 

2.9 

9.9 

10.0 

4.2 

1,1 

3 

12.8 

12.1 

10.5 

2.8 

9.3 

9.1 

. ... 


4 

12.8 

12.1 

10.3 

2.9 

8.7 

8.0 




15 . 

12.8 

12.3 

9.6 

2.7 

7.9 

7.5 

.. .. 


6 . 

12.8 

12.4 

9.1 

2.9 






7 

12.2 

12.2 ! 

1 



.. 

.. 


Last drop 
Duplicate 100- 

11.8 

1 

1 8.5 


7.5 


4.0 

! 

gm. sample 

12.9 

12.1 1 

10.4 

2.9 

9.4 

9.3 

5.2 

1.8 


tissues, the sugars decreased in the successive portions similarly to the 
solids. Grinding the tissue resulted not only in obtaining larger percent- 
ages of solids in the sap but also in obtaining sap having the same sugar 
content in successive portions. 

The total solids and sugars in successive portions of sap from stem and 
from blade tissues of corn after grinding were determined at three different 
stages of growth during the season. The percentages in the blade tissues, 
containing 86, 74, and 70 per cent, of moisture respectively, are shown 
graphically in figure 3. 

The total solids decreased with the successive portions, the decrease 
being the largest for the drier (more advanced) tissue and least for the 
tissue containing the most moisture. Similar differences, but much smaller 
ones, were found in the successive portions of sap from stem tissue. The 
total sugar content was the same in the successive portions of sap for both 
kinds of tissue at all stages of development. 

EeLATION BETWEEN THE SUGAR CONTENT OF SAP AND TISSUE 

The sugar content of successive portions of sap expressed from ground 
tissue was the same for both kinds of tissue and for three stages of develop- 
ment. It seemed probable, therefore, that the sugar content of the tissue 
could be calculated with more or less accuracy from the sugar content of 
the expressed sap and the moisture content of the tissue. 

During a seasonal study of the distribution of sugars in the corn plant, 
58 pairs of samples for sugar determinations were taken. The sugar con- 
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tent of one sample of each pair was determined by the standard’^ alcoholic 
extraction method and the sugar content of the other was estimated from 
the sap analysis and the moisture content. In calculating the sugar content 
of the tissue from sap analysis, no correction was made for the specific 
gravity and total solids content of the sap. Subsequent data have shown 
that without this correction the tendency is for the sugar content of the 
tissue estimated from sap analysis to be slightly low. The samples com- 
prised blade, sheath, and stem tissues from Burr-Learning and Medina 
Pride corn, during the period from July 2 to September 24. 

The average sugar content of the three tissues from each kind of corn 
as determined by the two methods is shown in table IV, and the detailed 
comparison for Burr-Learning tissues is shown graphically in fig. 4. 


TABLE IV 

Percentage sugar content or corn tissue (1) determined by the standard method, and 
(2) calculated from the sugars in expressed sap and the moisture in the tissue 



Burr-Leaming 


Medina Pride 


Tissue 

Number 

op 

samples 

I Method 

Dipper- 

Number 

OP 

samples 

Method 

Dipper- 


Standard 

Sap 

ENOB 

Standard 

Sap 

EN CE 



per cent . 

1 per cent . 






Blade 

9 

2.14 

j 2.06 

-0.08 

9 

2.11 

2.2() 

+ 0.15 

Sheath . 

17 

4.79 

i 4.50 

-0.29 

7 

4.56 

4.40 

-0.16 

Stem 

14 

7.82 

7.71 

-0.11 

12 

7.98 

7.42 

-0.56 

All 

All, both 

30 

5.41 

5.27 

-0.14 

28 

5.24 

5.00 

-0.24 

varieties ! 

58 

1 

5.33 

5.14 

-0.19 


1 

1 

1 



The maximum difference between methods was a deficiency of 0.9 per 
cent, in stem tissue of Medina Pride having a sugar content of 9.1 per cent, 
(standard method), or a difference of 10 per cent. On the other hand, a 
sample of blade tissue of the same variety, containing 2.5 per cent, of sugar 
by the standard method, was estimated as containing 3.2 per cent, by the 
sap method. The difference here is smaller absolutely but larger relatively, 
being 28 per cent, of the total. In general, the sugar content indicated by 
the sap method tended to be lower, the mean difference for the 58 pairs of 
samples being - 0.19 it 0.034 per cent. 

As an additional criterion, duplicate samples of tissue corresponding to 
12 of these 58 were analyzed by the standard method and the values com- 
pared with the original determinations. These samples comprised different 
tissues at different stages of growth with a range in sugar content of from 
2.68 to 10.50 per cent. The average difference between the paired samples 
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Fig. 4. I^ercentage of total sugars in blade^ sheath, and stem tissue of Burr-Learning 
corn obtained by the alcoholic extraction of the tissue and 
by the expressed sap method. 

was 0.26 rh 0.072. The results with the two methods accordingly were no 
more inconsistent for 58 samples than were those by the standard method 
for 12 samples, and the diflPerence of - 0.19 db 0.034, though significant 
statistically, must be considered unimportant in a comparison of the two 
methods. 

The agreement between metliods over the entire range of the 58 samples 
is measured best by the coefficient of correlation between the corresponding 
values. This coefficient is 0.9913, indicating excellent agreement, with only 
1.73 per cent, of the variation (as variance) independent. The data indi- 
cate, then, that the sugar content of corn tissues may be estimated from the 
analysis of sap expressed as described, mth little or no error in excess 
of that to be expected from duplicate samples analj’^zed by the standard 
method. 

Summary 

1. The amount of sap expressed from corn tissue under a uniform pres- 
sure and with a uniform time for draining the cage was influenced by the 
preliminary treatment of the tissue, by the size of sample, and by the kind 
of tissue and its moisture content as affected by its stage of development. 

2. The total solids content differed in successive portiofis of sap ex- 
pressed from corn tissue, the size of the differences varying with the treat- 
ment preliminary to expression, the kind of tissue and its moisture content. 
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3. The sucrose and free reducing sugars, reported together here as total 
sugars, were constant for successive portions of sap expressed after grind- 
ing the tissue, but decreased in successive portions from minced tissue. 

4. The percentages of total sugars in three kinds of fresh corn tissue 
from two varieties, at different stages of growth, as determined by the 
standard method and from the sap expressed after grinding, were in excel- 
lent agreement, the coefficient of correlation being 0.9913. The values by 
the two methods were in as good agreement as those for 12 pairs of samples 
for which sugars were determined by the standard method. 

5. Expressing the sap from a 100-gram sample of ground fresh corn 
tissue under a pressure of 5,000 pounds per square inch, at the same time 
forcing the sap through a filter, and allowing a uniform time (5 minutes) 
for draining, provided samples of sap that were satisfactory for certain 
physical and chemical examinations. 

Ohio Agriculture Experiment Station, 

Wooster, Ohio. 
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EFFECT OF PETROLEUM OILS ON THE RESPIRATION OP BEAN 

LEAVES 

Jesse Green and Arnold H. Johnson 
(with five figures) 

The injurious effect of petroleum oils on fruit trees is a serious objection 
to their use as insecticides. The damage appears in a great variety of 
ways ( 10 ). Trees sprayed in dormant stage show injury during the fol- 
lowing spring as a wrinkling or withering of the bark and retardation of 
leaf formation. The damage to sprayed leaves generally appears as oil 
soaked spots or a more acute drying or burning of the leaf. 

The exact physiological actions accompanying injury from oil are not 
well known. The problem appears to be divided into two major possi- 
bilities; plugging of stomata and poisoning of cells. In either case respi- 
ration should be affected. It has been the purpose of this work to deter- 
mine the change in rate of respiration of plants which have been sprayed 
with oil. 

Mechanical injury has been shown by Richards (9) and others (3) to 
increase the rate of respiration. Toxic and anesthetic materials at cer- 
tain concentrations are also expected to increase the respiration of plants 

( 2 , 8 ). 

Knight, Chamberlin and Samuels (6) have determined the effect of 
a viscous, highly refined oil in the rate of respiration of citrus trees. Their 
results show that respiration is greatly increased and remains abnormally 
high for a long period of time after treatment with this type of oil. 

Believing that respiration is generally increased when a plant is injured, 
an attempt has been made in this study to show the injurious effect on the 
respiration of bean leaves by the different types of oil used as sprays. 

Methods 

Plants 

Dandelion and potato leaves were first used, but later bean leaves were 
found to give more uniform results. Three- to six-gram samples of bean 
leaves were taken and the stems placed in water as soon as they were cut. 
Four samples were used for checks and four were sprayed with oil. 

Sprating 

The spraying was done with an atomizer operated with compressed air 
(figure 1). It was calibrated before each determination to deliver a definite 

14 » 
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amount of oil. This was done by spraying weighed filter papers and then 
weighing after spraying to determine the amount of oil delivered. The 
leaves were then sprayed with the same nozzle adjustment, temperature and 
air pressure. The time of spraying the leaves was adjusted to apply 10 
milligrams of oil on a circular area 7 centimeters in diameter, which was 
the size of the filter-paper used for calibration. 



Fig. 1. Apparatus for spraying leaves. 


Considerable preliminary work was done on the effect of the amount of 
oil within the range between very light spraying and dipping the leaves 
in oils. The amount finally selected gave a visible coating of oil on the 
leaves and, when calculated, is 0.26 milligram of oil per square centimeter. 

Oils 

Petroleum oils that are used for spraying are usually of the lubricating 
type. Nine kinds of oils were selected for experimental use. They had 
widely varying characteristics, as is shown in table 1. The oils were ap- 

TABLE I 

Oils used in respiration experiments 


No. 

Manufacturer 

Manufac- 
turer 'S NO. 

Trade name 

SULPIIONAT- 

ABLE 

RESIDUE 

VisrosiTY 

1 

Standard 

13604B 

100 Pale 

per cent, 

15 

dcfj. 

100-110 

2 

Standard 

13605E 

Calol red engine 

44 

220 

3 

Standard 

13606K 

Oronite technical 

5 

100 

4 

Standard 

13607E 

Mineral seal 

10 

50 

' 5 

Standard 

1451 OE 


35 

110 

10 

Standard 

13240E 


39.7 

140 

13 

Shell 

E-L~99 


18.3 

72 

21 

Shell 

106 


14.4* 

53 

24 

Sonneborn & Sons 


Amelic 

none 

67 


* SOo treated. 
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plied in the pure state. Emulsions were not used because they w’ould have 
introduced too many variable factors for this problem. 

Method op measuring respiration 

A simple method for measuring respiration was devised, following the 
plan used by Lund (7). After the leaves had been sprayed they were fast- 
ened, by means of a rubber band, to a stopper on the tube o, figure 2, and 
were placed in a one-half gallon Mason jar made of white glass. The tube 
G extended downwards about one-half the depth of the jar, and had another 
stopper on the lower end to keep the leaves apart. 



Fio. 2. Respiration jar and burette for measuring and titrating Ba(OH )2 solution. 

A titration set was prepared with long tips B that would reach down 
through the tube u. One burette was used for adding the Ba(OH )2 solu- 
tion which absorbed the CO^ from the plants, and another for titrating the 
excess Ba(OH )2 with HCl at regular intervals. The tips were selected so as 
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to fit the tube a closely, which was kept stoppered except during titrations. 
The tip had a rubber stopper, c near the top which was held down tightly 
against the tube a while titrations were being made to exclude as much out- 
side air as possible. 

When the leaves were in place, 25 to 50 cc. of approximately 0.010 N 
Ba(OH )2 were measured into the jar. Two blank jars without leaves were 
prepared in exactly the same way, and all were placed on a shaker in an 
asbestos-lined, constant temperature box maintained at 28® C., figure 3. 
The shaker was operated with a small motor with a fan on its shaft for 
circulating the air in the constant temperature box. A very slight shaking 
motion was sufficient to rock the solution and to circulate the gases in the 
respiration jars, thus continually exposing a new surface of Ba( 0 'H )2 to 
the COg. 



Fig. 3. Bespiration jars on shaker in constant temperature box. 

Titrations were made at two-hour intervals with exactly 0.005 N HCl. 
Phenolphthalein was used as the indicator. In the preliminary work the 
indicator was added in alcoholic solution in the ordinary way, but, to avoid 
the effect of the alcoholic vapors on the leaves, the phenolphthalein was 
later placed directly in the standard Ba(OH)j, solution. When the 
Ba(()H )2 solution was prepared a standard aqueous solution of the 
phenolphthalein was added until the desired color was obtained. The 
effect of a small amount of alcoholic vapor in the closed system of the 
respiration jars was not known, but the probabilities are that it is 
considerable. 

In calculating the results the titrations of the blank jars were subtracted 
from those of the samples, the differences representing the CO 2 given off 
from the leaves. One cc. of 0.005 N HCl equals very nearly 0.11 mg. of CO^. 
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Discussion 

In the closed system for respiration one of the first questions that arises 
is the effect of the change in concentration of gases; however, the change 
is very small. The oxygen in a one-half gallon jar can be decreased only 
very slightly by 3 to 6 grams of leaves in 10 hours. According to 
Kostychev (6) the concentration of oxygen has very little effect on the 
respiratory process as long as some oxygen is present. It is stated that a 
reduction to one-half the normal concentration of oxygen does not change 
the rate of respiration. 

The concentration of CO.^ is kept constant in the closed system, as the 
moving Ba(()H )2 absorbs it as fast as it is formed. The concentration of 
water vapor may be important. Kelley ( 4 ) states that a high humidity 
favors oil damage, while on the other hand Young ( 10 ) finds that in field 
work the greatest damage from oil occurs when trees are suffering from 
drouglit. In the method used, the leaves were in a saturated atmosphere 
and seemed to go through the ten-hour tests without any apparent injury. 

The effects of light and temperature were reduced to a minimum. The 
constant temperature box was heated with an electric light bulb, auto- 
matically controlled. This was covered to eliminate the effect of light in 
the box. The leaves were in total darkness except for the 3 to 5 minutes 
required to make titrations at the two-hour periods. Any effect of light 
and temperature changes w^as very nearly the same on all the samples. 

The age and vitality of the leaves were found to have a great influence 
on their respiration. Young leaves respire at a more rapid rate than 
older ones, per gram of leaf. For this reason much care was used in 
selecting the samples. The curves show that in some determinations the 
average rate of respiration was much higher than in otliers even though 
sam])]es were selected from plants of very nearly the same age. 

Because of the variability of samples, several leaves were used in each 
test and four checks were always run against four treated samples. At 
the conclusion of the work it was found that even this number was not 
sufficient. A calculation of the variability of two check samples against 
two other checks of the same series, showed that the average variability for 
a group of 17 determinations was 7.5 per cent. It is apparent that the 
variability of four checks compared with four others, as in the case of the 
experiments, would be less, probably of the order of one-half to one-third 
less, making the actual error of the work 4 to 6 per cent. 

The variation of the treated samples was much greater than the normals. 
TJie average variation of the treated samples, when computed in the same 
way, was 11.5 per cent., which indicates that respiration was greatly 
affected by oil. 
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In the beginning, increasing amounts of oil were expected to gradually 
accelerate respiration until a maximum should be reached, after which 
more oil would reduce the rate of respiration. 

A series of experiments, using kerosene, was performed to show this 
effect, because kerosene was expected to be more injurious than lubricat- 
ing oils. Pour experiments were conducted in which the amount of kero- 
sene was doubled each time and finally one set of samples was dipped in 
kerosene. The results are shown in table II and in figure 5, curves nos. 18, 
19, 20, 21 and 22. The respiration rate increased quite regularly with 
increasing amounts of oil until a maximum was reached after which more 
oil caused decreased respiration. Wlien the leaves were dipped in oil their 
respiration dropped to 52.2 per cent, of the normal rate. 


TABLE IT 

Respiration of normal bean leaves and bean leaves sprayed or dipped in kerosene 


CORVE 

NO. 

Treatment 

CO2 given off, measured at 

2 -HOUR INTERVALS 

Total 

COaPOR 

8 HOURS 

Differ- 

ence 

Gain 

IjOSS 



'mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

per 

cent. 

per 

cent. 

18 

Sprayed 1 min. 

1.34 

1,36 

1.57 

1.43 

1.40 

7,10 




18 

Normal 

0.09 

1.13 

1.24 

1.05 

1.02 1 

1 5.13 

1.97 

38.4 


19 

Sprayed 2 min. 

1.23 

1.37 

1.58 

1.47 

1.51 

1 

j 7.16 




19 

Normal 

1.01 

1.11 

1.22 

1.08 

1.04 

‘ 5.46 

1.70 

31.1 


20 

Sprayed 4 min. 

1.28 

1.66 1 

1.85 

1.60 1 

1.54 

7.93 



1 

20 

Normal 

1.14 

1.33 

1.28 

1.04 

0.91 

5.70 

2.23 

39.1 


21 

Sprayed 8 min. 

1.34 

1.65 

1.63 

1.29 

1.34 

7.25 




21 

Normal 

1.14 

1.45 

1.17 

1.05 

1.04 

5.85 

1.40 

23.9 


22 

Dipped in kero- 

1.15 

0.62 

0.38 

0.47 

0.46 

3.08 





sene 










22 

Normal 

1.73 

1.59 

1.25 

1.32 

1.28 

1 

7.17 

j 4.09 


1 57.0 


The lubricating oils used may be divided into two classes : light colored, 
and dark colored. The dark colored oils were usually more viscous and 
contained greater amounts of sulphonatable residue than light colored oils. 

The term sulphonatable residue designates that portion of an oil that 
can be extracted with strong sulphuric acid under strictly analytical speci- 
fications. It consists largely of unsaturated hydrocarbons, sulphur, 
nitrogen and aromatic compounds. There is evidence that some of these 
sulphonatable compounds are toxic to plants. Gray and de Ono (1) have 
shown from field tests that injury increases very closely with the percentage 
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of sulphonatable residue. Perhaps the unsaturated hydrocarbons are 
responsible for the trouble, but many of the compounds in the sulphonatable 
residue are unstable and may have deleterious effects on living plants. 

A comparison of the effect of oils of low sulphonatable residue, 
figures 4, 5, oils nos. 3, 4 and 24, with those of high sulphonatable residue, 



Fig. 4. Curves showing the effect of oil on the respiration of bean leaves. 

nos. 2, 5 and 13, show that the former group caused an average loss of 5.8 
per cent, in rate of respiration in 7 determinations, wliile the latter caused 
an average gain of 8.1 per cent, in 6 determinations. By arranging all of 
the light colored oils of less than 16 per cent, sulphonatable residue in one 
group and the darker colored oils of more than 16 per cent, sulphonatable 
residue in another group, a similar difference is shown. In 8 determina- 
tions the light colored oils caused an average loss of 5.0 per cent, in rate 
of respiration, while, in 9 determinations, the dark oils caused an average 
gain of 7.5 per cent. The analytical results are shown in table TII and are 
graphically represented in figures 4 and 5, curves 1 to 17. 
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TABLE III 

Bespiration op oil sprayed and normal bean leaves 


Curve 

NO. 

Oil 

NO. 

CO., 

at: 

GIVEN OFF, MEASURED 
' 2 -HOUR INTERVALS 

Total 
CO* roR 

8 HOURS 

Differ- 

ence 

Gain 

Loss 



ruff. 

niff. 

niff. 

niff. 

mff. 

niff. 

mg. 

per cent. 

per cent. 

1 

1 Sprayed 

0.46 

0.90 

1.01 

0.99 

1.23 

4.59 




1 

Normal 

0.39 

0.81 

0.81 

0.82 

0.99 

3.82 

0.77 

18.3 


2 

1 Sprayed 

0.13 

0.37 

0.36 

0.36 

0.38 

1.60 




2 

Normal 

0.33 

0..39 

0.36 

0.34 

0.33 

1.75 

-0.15 


8.6 

3 

2 Sprayed 

0.90 

1.38 

1.29 

1.33 

0.96 

5.86 




3 

Normal 

0.95 

1.35 

1.05 

1.16 

0.80 

5.31 

0.55 

10.3 


4 

2 Sprayed 

0.25 

0.36 

0.36 

0.33 

0.38 

1.68 




4 

Normal 

0.30 

0.29 

0.28 

0.25 

0.29 

1.41 

0.27 

19.2 


0 

3 Sprayed 

0.20 

0.27 

0.23 

0.35 

0.36 

1.41 




5 

Normal 

0.10 

0.28 

0.35 

0.37 

0.36 

1.46 

- 0.05 


3.4 

6 

3 Sprayed 

1.15 

1,02 

1.13 

0.92 

0.94 

5.16 




6 

Normal 

1.22 

1.04 

1.17 

0.92 

0.88 

5.23 

-0.07 


1.3 

7 

4 Sprayed 

0.16 

0.36 

0.36 

0.40 

0.42 

1.70 




7 

Normal 

0.16 

0.30 

0.42 

0.37 

0.39 

1.64 

0.06 

3.7 


8 

4 Sprayed 

0,68 

1.03 

1.04 

1.05 

1.18 

4.98 




8 

Normal 

0.84 

1.05 

1.13 

1.12 

1.23 

5.37 

- 0.89 


7.3 

9 

4 Sprayed 

1.07 

1.28 

1.07 

1.11 

1.15 

5.68 




9 

Normal 

1.23 

1.81 

1.23 

1.05 

1.25 

6.57 

-0.89 


13.5 

10 

5 Sprayed 

0.16 

0.37 

0.44 

0.33 

0.36 

1.66 




10 

Normal 

0.19 

0.30 

0.30 

0.24 

0.28 

1.31 

0.35 

26.7 


11 

5 Sprayed 

0.31 

0.99 

1.02 

1.06 

1.12 

4.50 




11 

Normal 

0.68 

1.12 

1.12 

1.15 

1.06 

5.13 

-0.63 


12.3 

12 

5 Sprayed 

0.70 

0.86 

1.02 

0.89 

0.88 

4.35 




12 

Normal 

0.70 

0.90 

1.00 

0.90 

0.89 

4.39 

-0.04 


0.9 

13 

10 Sprayed 

0.48 

0.72 

0.78 

0.69 

0.66 

3.33 




13 

Normal 

0.46 

0.67 

0,69 

0.61 

0.62 

3.05 

0.28 

9.2 


14 

13 Sprayed 

0.29 

0.90 

1.08 

0.97 

0.97 

4.21 




14 

Normal 

0.30 

0.91 

1.05 

0.90 

0.83 

3.99 

0.22 

5.5 


15 

21 Sprayed 

0.72 

1.05 

1.00 

0.93 

0.79 

4.49 




15 

Normal 

0.69 

1.02 

0.99 

0.94 

0.83 

4.47 

0.02 

0.4 


16 

24 Sprayed 

0.72 

0.96 

0.82 

0.86 

0.71 

4.07 




16 

Normal 

0.71 

1.04 

0.88 

1.02 

0.78 

4.43 

-0.36 


8.1 

17 

24 Sprayed 

0.56 

0.81 

0.91 

0.73 

0.84 

3.85 




17 

Normal 

0.64 

0.96 

1.04 

0.80 

0.88 

4.32 

-0.47 


10.9 



Total . 1 



93.3 

66.3 
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Pig. 5. Left, effect of lubricating oil on the respiration of bean leaves. Bight, effect 
of varying amounts of kerosene on the respiration of bean leaves. 

This evidence does not prove that the difference was due only to 
sulphonatable residue. There is some evidence that sulphonatable residues 
alone increase respiration. Oil no. 3 is a white oil with a sulphonatable 
residue of 5 per cent, and a viscosity of 100. Oil no. 5 is a yellow oil with 
35 per cent, sulphonatable residue and a viscosity of 110. The difference of 
viscosity is small and the difference in sulphonatable residue is compara- 
tively large. For 2 determinations oil no. 3 caused an average loss of 2.4 
per cent, in CO 2 respired and for 3 determinations oil no. 5 caused an aver- 
age gain of 4.3 per cent. 

The indications are that the sulphonatable residue of an oil causes an 
increase in the rate of respiration of bean leaves and that the more highly 
refined oils cause a decrease in the rate. Satisfactory explanations for 
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these two actions are difficult. The reactions leading up to the taking in 
or giving off of CO 2 •from plants are very involved but in their simplest 
expression may be considered mainly as oxidation and reduction reactions. 

An increase in the rate of COg production over the normal is spoken of 
in this work as increased respiration. As it has been shown that the oils 
with high sulphonatable residues cause an increase in respiration it follows 
that the sulphonatable compounds must in some way favor oxidation in the 
plant. The light colored oils with low' sulphonatable residue cause a de- 
crease in respiration which indicates that these oils have favored carbon 
reduction or the greater use of COo in the plant itself. 

The exact means by w'^hich oxidation and reduction are promoted is as 
yet too difficult for explanation. These tw^o actions are, no doubt, affected 
in a physical w'ay by the oils whenever there is any interference with the 
exchange of gases through the stomata of the leaves. A change in the rate 
of flow of gases through their regular channels would cause changes in the 
concentration of the reacting material in the leaves at the points of action 
and may thus have a decided influence on the products formed. How^ever, 
the chemical action of the compounds in the oil on the plant juices and cells 
is perhaps the more fundamental cause for changes in the rates of oxidation 
or reduction follow^ed by changing rates of COo production. 

In any event the tw'o tendencies, oxidation and reduction, are well bal- 
anced against each other in leaves. This balance is sustained by many 
factors. It w'as found that at least some of the factors were not even know'n 
and could not be controlled. With all the precautions taken to regulate 
temperature, light, etc., it will be seen that on some occasions either type 
of oil caused an increase or a decrease in the respiration rate. 

In the case of oil no. 4 ( a light oil of low^ sulphonatable residue) 3 deter- 
minations W’ere made and 1 of these showed an increase, wiiicli is contrary 
to the rule. Also, with oil no. 5 (a dark colored oil of high sulphonatable 
residue) 3 determinations were made and 2 of these show'ed decreased respi- 
ration, which is decidedly different from the general trend of all the oils of 
this type. It is obvious that there are variables that are not yet under con- 
trol and it is only by making a large number of determinations that any 
signiflcance can be attributed to the results. 

Both types of oil when used in high concentrations cause damage in the 
field (10). Oil no. 24 is highly refined and has no sulphonatable residue 
but when used in high concentrations it has caused injury in orchard tests. 
It may, however, be said that the oils with small amounts of sulphonatable 
residue cause less injury to foliage than those containing large amounts 
(10). Although this work w^as begun with the general impression that in- 
creased respiration w'as a sign of injury the question now arises regarding 



GREEN AND JOIINSON : PETROLEUM OILS ON BEAN LEAVES 


159 


the relation of decreased respiration to injury. A positive answer can not 
now be given but the hypothesis will be advanced that any change in rates 
of respiration from the normal may be looked upon as the result of injury. 

Summary 

When bean leaves were sprayed with the dark petroleum oils containing 
more than IfJ per cent, of siilphonatable residues, their rates of respiration 
were increased. In 9 determinations using five dark colored oils the average 
increase in CO 2 respired by the sprayed leaves over the normal v/as 7.5 per 
cent. 

Light colored oils of less than 16 per cent, siilphonatable residue caused 
a decrease in the rate of respiration of bean leaves. In 8 determinations 
using four different light colored oils an average loss of 5.0 per cent, in 
CO 2 respired occurred. 

Department or Chemistry, 

Montana Agricultural Experiment Station, 

Bozeman, Montana. 
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STRANGULATION OF COTTON ROOTS* 

J. J. Taubekhaus, W, N. Ezekiel and H. E. Bea 
(with two figures) 


In 1923, specimens of a peculiar and, until recently, puzzling cotton root 
trouble were received. The specimens were of cotton plants with well- 
developed tops but with extremely shallow and very greatly reduced root 
systems (fig. 1 a). There was no indication of attack by fungi or bacteria, 
nor of injury by insects, rodents, or farm implements, to account for the 
shortened roots ; yet it was difficult to explain how such large plants could 
have developed without more extensive root systems. These specimens were 
from widely separated points in Texas: Mercedes, Eloise, El Campo, and 
Chillieothe. We have had no further record of this condition on cotton in 
this state until the past season. However, affected cotton plants were 
received in 1924 from W^. E. Ayres, then Assistant Director of the Delta 
Branch Experiment Station at Stoneville, Mississippi; from Dr. V. H. 
Young, of the Arkansas Agricultural Experiment Station ; and from Bur- 
dette, Arkansas. 

During the summer of 1929, many specimens were again received from 
cotton planters in different parts of the State, including the four places 
where affected plants had been found in 1923. Affected plants were also 
collected by the writers from cotton fields near Itasca, Buna, Cameron, 
Palmer, and Von Ormy. It was possible for the first time to study the 
root systems of affected plants in place in the field. Cotton growers re- 
ferred to such cotton plants as “rootless cotton,” “flat-foot,” “club-foot,” 
and “bumble-foot.” These terms are undesirable since the affected plants 
actually possessed well-developed roots, which, however, were constricted 
just below ground. The name “root strangulation” appears more ap- 
propriate and is suggested. Cotton root strangulation has appeared only 
sporadically, and is of economic importance only in limited areas. In 
affected fields, in 1929, losses from dead plants ranged from 3 to 8 per cent, 
of the stand. Many of the affected plants died early in the season, before 
the bolls were fully developed, while there were often one to five normal 
bolls on other plants. 

Description 

The specimens received during 1923 and 1924, and affected plants 
studied in the field in 1929, were in general similar in appearance. Some 

I Published with the approval of the Director as Contribution no. 118, Technical 
Series, of the Texas Agricultural Experiment Station. 
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Pig. J. Boot strangulation of cotton, a and h, upjjer parts of tap-roots as pulled 
from the ground, showing roots enlarged just below surface of ground and tapering to 
needle-like tips j c, tap-roots and lateral roots showing strangulation ; d, strangulated 
roots with bead-like callnses ; and e, root systems of strangulated cotton plants as dem- 
onstrated by excavations, showing the strangulated areas connecting the upper and 
lower portions of the roots. 
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of the plants showed no abnormal symptoms prior to their final wilting 
and death. Other plants were stunted and noticeably smaller than normal 
plants. Affected plants are usually noticed first when they wilt suddenly 
and die without any preliminary yellowing of the foliage. Plants wilting 
in this way resemble those dying from Phymatotrichum root-rot. However, 
when plants with strangulated roots are pulled, it is found that instead of 
the decayed roots characteristic of root-rot, the roots are deformed but 
sound. Immediately below the surface of the ground, the bases of the 
stems of typically affected plants are considerably enlarged; below these 
enlarged portions the taproots taper rapidly to blunt points, which ter- 
minate in needle-like, fine rootlets. There are sometimes a few short stubby 
laterals which also taper to blunt points. The short tap-roots and lateral 
roots are frequently covered with bead-like calluses, which occur either 
scattered or in clusters. It is to be noted that this description applies only 
to the upper portions of the root systems which portions come out readily 
when the plants are pulled. The deeper parts, which are connected to the 
upper portions only by the constricted regions described below, remain in 
the ground and appear normal. 

The following measurements were obtained from ten affected plants 
which were pulled from the field. The plants were large and well-grown, 
ranging from 22 to 43 cm. tall, with an average height of 32 cm. At the 
surface of the ground, the diameter of the stems averaged 7.2 mm., while 
at an average of 4 cm. below ground, the diameter averaged 10.0 mm. The 
average length of the tapered point (that is, the distance from the thickest 
part of the root to the blunt tip) was only 2.7 cm. The total distance from 
the surface of the ground to the bottom of the pointed tap-roots thus ranged 
from 4 to 10 cm., and averaged just under 7 cm. Only half of the plants 
had any lateral roots; these averaged less than 2.5 cm. per plant. The 
typical plants, with very much shortened, wedge-like tap-roots, were almost 
literally ‘‘rootless,’’ with the root systems reduced apparently to less than 
a twentieth the normal size. There were also less severely malformed 
plants, with longer and more nearly normal lateral roots. The roots of 
these plants also were characteristically covered with small bead-like cal- 
luses. Plants with roots of this sort (fig. Id) did not wilt so early in the 
season as was the case with the plants with more severely affected roots 
(%. 1 b). 

By making field excavations of the root systems of affected plants, it was 
possible to find the probable cause of the trouble.® Owing to the protracted 
dry weather during the summer of 1929, the soil around the plants was 
found to be unusually hard and compact. The method of excavation was 

2 The writers were assisted by Mr. S. E. Wolff in excavating plants at the J. W. 
Coffin farm at Itasca, Texas. 
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as follows: Isolated, recently wilted plants were located, and the tops cut 
off. A deep trench •w’^as then dug 12 inches away from the affected plant. 
With hammer and ice pick, particles of the soil were gently chiseled away 
until the entire root system of the plant was fully exposed. In some cases, 
the soil was too dry and hard to enable use of the ice pick. Such plants 
were removed inside large blocks of soil, which were placed in a wash-tub 
filled with water. After the hard soil softened, it was then possible to re- 
move the soil from the roots. 

It was found that all affected plants, excavated from various fields, 
actually possessed well-developed root systems. The upper parts of the 
tap-roots or laterals were, however, separated from the lower parts by 
constricted areas, often an inch in length, which varied from 0.3 to 0.4 
mm. in thickness (fig. 1 e). The constricted areas were found in the 
hardest, subsurface layers of soil ; and the more normal lower parts of the 
roots were found in the less compact soil beneath. It was these needle- 
like, constricted, connecting portions of the roots which had at first been 
considered fine rootlets. 

Probable cause of cotton root strangulation 

This malformation of cotton roots is evidently non-parasitic. There 
was no evidence of infection or decay in the tissues of the roots, and cul- 
tures made from various parts of the roots were uniformly sterile. There 
was also not the least evidence of injury by implements or insects. It thus 
appears of significance that the trouble has been found only on sticky, 
poorly-drained, flat clay soils, and that it occurred only during seasons in 
which exceptionally heavy rainfall in si)ring or early summer was followed 
by prolonged hot. dry weather. Such a sequence of weather conditions 
occurred both in 1923 and in 1929. In fig. 2, precipitation data are sum- 
marized for these years, for one of the fields in which cotton strangulation 
occurred both years. It will be noted that in 1923, after excessive rainfall 
in April, there 'was a drought for four months. Again in 1929, following 
the record-breaking rains of May, there was very hot, dry weather in J une. 

A record for one of the farms in 'W’hich plants were excavated will illus- 
trate the effect of the peculiar weather conditions during 1929 on the cotton 
crop. The soil was Houston black clay, a deep clay soil which packs and 
becomes very sticky during rainy weather. Cotton was planted about April 
30, and the soil was then thought to be in a fair condition of tilth. By 
May 4 and 5, the seed came up to a good stand. Frequent beating showers 
on May 6 and 7 packed the surface of the ground, which was too wet to 
permit cultivation to break the surface crust, and the rains continued from 
May 12 to 28. The ground was now thoroughly packed and too soaked for 
cultivation until June 2. It was not until this time that the ground ap- 
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Fig. 2. Rainfall data, 1923 and 1929, averaged from records for Cameron and Valley 
Junction, Texas, the weather stations nearest to Eloise where 
root strangulation occurred both years. 

poarec] dry enough for the first cultivation of the season. On account of 
the hard, packed condition of the soil, the cultivator in many places failed 
to bi’eak the crust. The weather continued hot and dry, and the soil stayed 
liard and dry, from then until August 17, "when affected plants were col- 
lected in tliis field. Plants began to die from root strangulation about the 
middle of July, and about 5 per cent, had succumbed by August 17. 

The following explanation of cotton strangulation thus appears probable. 
First the seedlings, germinating in the moist soil, developed more or less 
normal root systems. The early, continued rains packed the surface soil, 
which was then gradually baked during the hot, dry weather following. 
The upper portions of the tap-roots and laterals were imprisoned in the 
hardened, bricklike subsurface layer of soil, and further growth of these 
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portions of the roots was prevented. Below these imprisoned areas, the 
roots continued to ‘develop fairly normally. So long as the strangulated 
areas remained sound, water and food material could still be translocated 
between roots and stems, although in increasingly inadequate amounts as 
the plants increased in size. The enlarged, clavate bases of the stems were 
evidently caused by accumulation of food materials which could not be 
translocated down to the roots. Final wilting and death of the plants 
appeared to be directly from lack of water. This may have resulted from 
inability of the slender connecting tissue to supply sufiScient water for un- 
usually hot days, or from death of this thin connecting root in the hard, 
baked, subsurface soil. 


Summary 

Boot strangulation of cotton has been found in Texas, Arkansas and 
Mississippi. It seems to occur only in flat, poorly-drained, heavy clay soils, 
which are compacted by continuous rain or irrigation, and then furtlier 
hardened, in the absence of cultivation, by continued hot, dry weather. 
The direct cause of the trouble is apparently that the upper portions of tap- 
roots and laterals of the young seedlings are caught early in the season in 
a subsurface layer of hard, dry clay in which further development is pre- 
vented. Affected plants die when the constricted areas in the hot, dry soil 
are killed, or when the moisture supply which can be transported through 
the constricted areas becomes too greatly inadequate for the requircnnents 
of the plants. 

Texas Agricultural Experiment Station, 

College Station, Texas. 



TESTS OF CHIBNALL’S METHOD OP EXTRACTION FOR INVES^ 
TIGATING WINTER HARDINESS OP PLANTS^ 

W. E. Tottingham, E. G. Shands and E. D. Delwiche® 

(with ten figures) 

Chibnall has published (2) a method for extracting separately the 
vacuolar sap and cytoplasmic fluid in plant cells. It appeared that this pro- 
cedure might be useful for chemical examination of plant tissues in relation 
to winter hardiness. The writers were particularly interested in a compari- 
son of the distribution of soluble forms of nitrogen compounds and sugars 
between the sap and cytoplasmic fluids with the progress of cold weather. 

Plant material 

A cold resistant variety of wheat was used, varying its resistance by 
cliange in the date of sowing. This was Wisconsin Pedigree 2, a strain of 
the Turkey Red variety. Alfalfa plants were secured from field sowings 
one year old. A range of hardiness was covered including Grimm as the 
typically hardy variety, Utah as semi-hardy and Peruvian as non-hardy. 
Agronomists recognize that winter hardiness of wheat becomes localized in 
the crown, or base of the stems. In the present investigation the roots were 
severed and the tissue below the base of the lowest leaf blade taken for anal- 
ysis. Obviously, this is likely to involve considerable proportions of tissue 
of lesser pertinence to the investigation, but practical considerations as to 
the quantity of tissue rendered the grosser sampling necessary. In alfalfa 
the crown tissue is more limited and less definitely defined than with wheat. 
Hence, for the present purpose, a top portion of the tap root about 10 inches 
in length was taken. This was divided into upper and lower sections of 
about equal length. When the soil became deeply frozen it was necessary 
to blast, allowing the fragments to thaw at room temperature over night for 
recovering the plants. It must be admitted that the time elapsed in recov- 
ering tissue in this manner might permit considerable changes to occur in its 
composition,. In the earlier samplings of wheat it was found possible to 
loosen the crowns quickly by playing tepid water over the soil blocks, but the 
heater available lacked sufficient capacity. 

1 Published with permission of the Director of the Wisconsin Agricultural Experi- 
ment Rtation. 

2 The writers are indebted to Professors J. G, Dickson, Department of Plant 
Pathology, and L. P. Grabee, Department of Agronomy, for support w^hioh made this 
work possible. 
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Fig. 1. Eeljition of sap composition in wheat crown to hardening temperatures. 
Favorable sowing date. A = protein, B = basic N x 5, C = rest N x 5, D = pentosan, E =: re- 
ducing sugars, F=: sucrose. 
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Fig. 2. Relation of extract composition in wheat crown to hardening temperatures. 
Favorable sowing date. A = protein, B = basic N x 5, C = rest N x 5, D = pentosan, E = re- 
ducing sugars, F=: sucrose. 
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Analytical procedure 

Inasmuch as this is a test of extractive method, rather than a finished 
metabolic investigation, it seems sufficient to give here only the broader and 
more pertinent aspects of both the analytical treatment and the resultant 
data. 

The rapidly washed tissue was freed of surface moisture by absorption 
and chopped to small fragments. In addition to samples for moisture and 
total nitrogen, a relatively large aliquot (50 to 100 gms.) was taken for ex- 
traction. This was inclosed with a little ether for cytolyzing, expressed in a 
heavy, hand-operated press, and rinsed out with water to remove the vacu- 
olar sap. The residual tissue was ground in a Nixtamal mill with liberal 
addition of water, pressed and rinsed in cheese cloth and filtered through a 
layer of paper pulp. In this way the protoplasmic extract was obtained. 
Care was taken, of course, to maintain uniform conditions throughout the 
extraction of successive samples. In the analytical examination procedures 
conformed to recommendations already published (1). The results are ex- 
pressed as percentages of the original dry matter. 

Obviously, considerable variation in the analytical data should be ex- 
pected Hnd only those of major magnitude should be seriously considered. 
For this reason the results are not given in detail but rather in the gen- 
eralized form of graphs. On these latter the inverted heat symbols show the 
frequency and extent of major departures in the minimal temperatures. 
This ])ractice is based upon Harvey observation (5) of hardening effi- 
ciency in alternating temperatures. 

Interest in the results here presented is conditioned by the possibility that 
proteins of the protoplasm may either enter into combination with other 
compounds protective against cold or become favorably altered in the 
hardening process. Such changes should probably be anticipated less in the 
sap, but it should be recognized that exchanges of constituents may occur in 
both directions between the cytoplasm and vacuolar sap. 

Discussion 

The results for wheat from a date of planting favorable to cold hardiness 
are depicted in figures 1 to 3, inclusive. In this case the sap protein ex- 
hibits marked depression throughout the period of sub-zero temperatures. 
This loss was compensated by an increase of other than basic nitrogen com- 
pounds, which may be assumed with considerable justification to consist 
largely of simpler peptides and monamino-acids. These changes were ac- 
companied by increases of sugars, and particularly of sucrose, in the early 
period of lower temperatures. 
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10/16/26 24 29 11/17 21 12/21 Tim© 3/19/20 4/lY 

Fig. 3. Eelation of total solutes composition in wheat crown to hardeninpf tem- 
peratures. Favorable sowing date. A = protein, B = basic N x 5, C = rest N x i), D = pen- 
tosan, E = reducing sugars, F = sucrose. 
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11/13/26 1/4/28 Time 4/26 

Fig. 4. Eelation of sap composition in wheat crown to hardening temperatures. 
Unfavorable sowing date. A = protein, B = basic N x 5, C = rest N x 5, D = pentosan, 
E=: reducing sugars, F=: sucrose. 
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The protein of the extract appears to have varied sharply, but its general 
trend was toward increasing with hardiness. However, this relation applies 
more distinctly to the ‘'rest’’ fraction, already postulated as involving sim- 
pler peptides and monamino-acids. Concomitant with these changes was a 
marked accumulation of sucrose. This phenomenon is particularly striking. 
Apparently sucrose was fixed in some manner in the protoplasm or it should 
be more largely recovered in the sap. This furnishes evidence additional to 
that of Newton (7) of protection provided by sucrose against coagulation 
of protein by freezing. The present indications of hydrolysis of proteins in 
hardening is in agreement with the early observation of Harvey ( 4 ) on 
cabbage and that of Newton (7, p. 39) on wheat. No further interpretation 
is suggested by the combined values of sap and extract. 

The results with wheat from the later, unfavorable date of sowdng are 
shown in figures 4 to 6, inclusive. Here the sap displays a continuous in- 
crease of the “rest” nitrogen fraction. This change was accompanied by 
increases of all forms of carbohydrates during the hardening season, sucrose 
predominating. In the extract the variation of nitrogen compounds was 
relatively insignificant during the earlier cold weather. During this period 
a decided increase of reducing sugars w’as accompanied by a striking de- 
crease of sucrose. These latter changes are conspicuous in the summated 
results, and are in marked contrast to those occurring in the test wdth 
hardier plants. 

Jn the case of alfalfa roots the results are presented in figures 7 to 10, 
inclusive. The sap shows little orderly change in nitfogen compounds ex- 
cepting a late increase of the alpha-amino fraction in the Grimm variety. 
Inspection of the temperature graph indicates tliat one might not expect 
hardening to have been far advanced until the last date of sampling. 
Sugars increased a little in the order of hardiness. In the extract, protein 
increased appreciably in Grimm but not in the less hardy varieties. A simi- 
lar trend is showm by the alpha-amino fraction. The sugar curves give no 
consistent variation but those of the dextrin-starch fraction show’ declines 
in the order of hardiness. No further observations are suggested by the 
summated composition of sap and extract. 

Of the insoluble components the variations of protein are too irregular 
to bear interpretation. The values of this constituent W’ere based on the 
assumption that all nitrogen remaining in the tissues after extraction w^as 
present in proteins. To it is added the protein of sap and extract to give 
total protein. Decrease of starch in all varieties is one of the most definite 
effects here observed, being most prominent in Grimm and at an early stage. 
These observations of increases in sugars and soluble nitrogen compounds 
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11/13/26 1/4/26 Time 4/26 

Fig. 5, Belatioii of extract composition in wheat crown to hardening temperatures. 
Unfavorable sowing date. A = protein, B- basic N x o, C = re8t N x 5, T) = pentosan, 
E = reducing sugars, F = sucrose. 
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Fig. 6. Belation of total solutes composition in wheat crown to hardening tempera- 
tures, Unfavorable sowing date. A = protein, B - basic N x 5, C = rest N x 5, D = pen- 
tosan, E = reducing sugars, F = sucrose. 
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Fig. 7, Relation of sap composition to hardening in alfalfa root. = Grimm, 

= Peruvian, =:ITtali. A = protein, B = o-amino N x 5, C = re8t N x 5, 

D = total sugars, K - dextrins and soluble starches. 



10/8/29 15 11/6 Time 12/8 10/8 16 11/6 12/8 

Upper liower 

Fia. 8. Relation of extract composition to hardening in alfalfa root. - 


Grimm, Peruvian, = Utah. A = protein, B = a-amino Nx5, C=:rest 

Nx5, D=: total sugars, E = dextrins and soluble starches. 
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10/8/29 16 11/6 Time 12/8 10/8 16 11/6 12/8 

Upper Lower 

Fig. 9. Belation of total solutes composition to hardening in alfalfa root. -• 


Griiniii, = Peruvian, = Utah, A = protein, B = a-amino N x 5, C = rest 

N X 5, D = total sugars, E = dcxtriiis and soluble starches. 



Fig. 10. Belation of insoluble constituents to hardening in alfalfa root. = 

Grimm, = Peruvian, = Utah. A = protein, B=: total protein, 0 = starch. 
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and decrease of starch agree with the results of Steinmetz ( 8 ) and Jans- 
sen (6). 

Some constituents, such as extract protein and insoluble starch, display 
good agreement between values of upper and lower root. This is not to be 
expected generally, for the bud and crown tissue included in the upper sec- 
tion might well differentiate its metabolic behavior from that of other root 
tissue. Numerous irregularities in the data indicate that extensive opera- 
tions might be necessary according to the procedures here followed to yield 
conclusive results. If sampling could be localized to the more pertinent 
crown tissues, as suggested by the observations of Steinmetz ( 8 , p. 10), one 
might hope for more significant results. Because of our immediate interest 
in a method of attack upon the hardiness problem developed at this institu- 
tion (3) it is unlikely that we can soon give Chibnall’s method the further 
tests it appears to merit. We therefore present the results of these limited 
trials on their face value. 

Conclusions 

Separate chemical analysis of the protoplasmic extract by Chibnall^s 
method of recovery from selected tissues of wheat and alfalfa discloses 
changes of composition which may be related to tlie development of cold 
hardiness. This method of tissue fractionation api)ears to merit further 
tests of its usefulness. 

Departments of Aoricultural Chemistry and Agronomy, 

University or W^'isconsin. 
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COMPOSITION AND QUALITY OP PENNSYLVANIA CIGAR-LEAP 
TOBACCO AS RELATED TO FERTILIZER TREATMENT"* * 

D , E. Haley, J. B. Lonoenecker and Otto Olson 

The quality of the smoke produced during the normal combustion of 
a cigar is largely dependent on the chemical composition of the tobacco. 
The chemical composition of the tobacco may be influenced by many factors, 
among which is the fertilizer treatment employed by the grower. In order 
to obtain the best quality cigar-leaf tobacco, it is essential to recognize the 
requirements and limitations of the growing plant, to insure the presence 
of the materials deemed necessary, and to guard against those materials that 
are not only unnecessary but even harmful, so far as quality production is 
concerned. The individual effects of a fertilizer treatment, however, may 
be considerably influenced by many environmental conditions, among which 
is the inherent fertility of the soil itself. For example, the soil of the ex- 
perimental tobacco plots at Ephrata, Lancaster County, Pennsylvania is 
extremely high in calcium and quite low in available potassium. This may 
not hold true for tobacco soils in other sections of the county; hence the 
optimum fertilizer treatment for the experimental plots may not hold true 
for other soils in the county. 

In former publications (1, 2) we have recognized the fact that for 
quality production of tobacco on our experimental plots we must equalize, 
if possible, the calcium and potassium content of the plants. In 1928 we 
planned an experiment having this objective. 

Plan of the experiment 

Avoiding the use of lime, but not taking into account those factors 
which might influence the availability of soil calcium, we planned an ex- 
periment making potash the most important variable. Ten plots were used, 
each one-thirtieth of an acre in area. The crop previously grown on these 
Idiots was red clover. Five of the plots received manure, with or without 
additions of fertilizer. The remainder received individual fertilizer treat- 
ments, but no manure. The treatments are given in table I. 

At the end of the growing season twenty plants from each plot were air- 
cured. At the end of this period they were dried at room temperature. 
When dry, the webs of the leaves were ground and kept in sealed receptacles 
for analysis. 

1 Publication authorized by the Director of the Pennsylvania Agricultural Experi- 
ment Station as Technical Paper no. 505. 

2 This investigation was conducted in cooperation with Dr. W. W. Garner, of the 
U. S. Bureau of Plant Industry, Office of Plant Nutrition and Tobacco Investigations, 
and Professor F. D. Gardner, Department of Agronomy of the Pennsylvania State 
College. 
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TABLE I 

Fertiuzer treatments op the experimental plots 
* Acre basis 


Plot 

NO. 

Manure 

Cotton- 

seed 

meal 

1 PRECIPI- 
, TATED BONE* 
PHOSPHATE 

Nitrate 

OP SODA 

Sulphate 

OP 

POTASH 

Carbo- 
nate OP 
POTASH 

Urea 


tons 

lbs. 

lbs. 

lbs. 

IbK. 

lbs. 

lbs. 


10 

400 

130 

125 

200 



A-2 

10 

400 

i 330 

125 

400 



A-3 

10 

400 

130 

125 

600 



A-4 

10 

1 400 

330 

325 


310 


A-5 . 

10 







A-6 


600 

195 

187 ; 

300 



A-7 


1 600 

195 

187 I 

600 



A-8 . 


1 600 

195 ! 

187 I 

900 

1 

j 


A~9 


600 

195 

i 187 ' 


465 


A-10 


1 375 

1 

460 

: 187 


465 

57 


* 36 per cent. P 2 O 0 . 


The remaining plants were similarly cured ; at the end of this period they 
were fermented for several months. Uniform samples then were taken for 
analyses, as mentioned above, and a part of the remainder were made into 
cigars. 

Analyses of the samples w^ere made according to methods as described 
in previous publications (1, 2), with but few modifications. A special effort, 
however, was made to determine separately the soluble and insoluble por- 
tions of the total ash, thus guarding against the possibility of weighing the 
calcium as the hydrate or carbonate rather than the oxide. 

TABLE II 

Study op the calcium, magnesium, sulphur and potassium content op cured tobacco 

AS INPLUENCED BY PERTILIZER TREATMENT 


Plot no. 

OaO 

MgO 

SO, 

K,0 


per cent. 

per cent. 

per cent. 

2 }cr cent. 

A~1 . 

7.95 

0.84 

3.14 

2.57 

A-2 

7.55 

0.75 

1.16 

3.16 

A-3 . 

7.45 

0.80 

3.32 

3.35 

A-4 . 

7.76 

0.81 

1.16 

3.21 

A-5 

7.65 

.0.96 

1.18 

1 1.74 

A-6 

8.09 

1 0.92 

1.40 

' 2.81 

A-7 . . 

6.97 

0.82 

1.47 

j 3.26 

A-8 .... 

7.01 j 

0.85 i 

1.68 

3.27 

A-9 . 

7.23 i 

0.81 

1.05 

f 2.84 

A-10 . 

7.67 ! 

1 

0.85 

1.49 

2.23 
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Analytical results 

A study of the calcium, magnesium, sulphur, and potassium of the cured 
samples was made first ; the results are given in table II. 

This analysis was followed by a study of the soluble and insoluble ash 
constituents of both the cured and fermented samples, and their alkalinity ; 
the results are given in tables III and IV. 


TABLE III 

Ash op the chred and fermented cigar-filler tobac’co as modified by fertilizer 

TREATMENT 


Plot 

NO. 

Ash 

Roliible 

Insoluble 

Total 


Cured 

Fermented 

Cured 

Fermented 

Cured 

FPJtMENTED 


per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

A-1 

3.99 

5.49 

13.47 

10.45 

17.46 

15.94 

A~2 

4.64 1 

1 0.01 

11.95 1 

1 10.63 

16.59 

16.64 

A-3 

4.76 

' 6.38 

12.02 i 

1 10.10 

16.78 

16.48 

A-4 

4.5] 1 

i 5.70 

11.89 ! 

10.61 

16.40 

16.31 

A~o 

2.79 

3.77 

12.85 ! 

I 10.28 

15.64 

14.05 

A-6 

3.57 

. 5.40 

12.33 

' 10.67 

15.90 

16.07 

A-7 

5.00 j 

4.90 

11.48 

9.94 

i 16.48 

14.84 

A~8 

5.13 


12.74 


17.87 


A-9 

4.23 

4.97 

12.71 1 

10.53 

16.94 

15.50 

A-10 

! 3.44 

5.02 

12.74 

10.57 

16.18 

15.59 


TABLE IV 

Alkalinity or the ash of cured and fermented tobacco 



Alkalinity of ash 

Plot no. 

Soluble 

1 Insoluble | 

Total 


Cured 

Fermented 

Cured 

Fermented 

Cured 

Fermented 


cc. 

cc. 1 

cc. 

cc. 

cc. 

cc. 

A~1 

' 46.7 

' 43.6 ! 

309.6 

318.7 

356.3 

362.3 

A-2 

45.7 

48.3 

286.5 

310.6 

332.5 

358.9 

A~3 

: 36.6 

47.0 

292.5 ! 

300.5 

329.1 

347.5 

A-4 

38.5 ; 

; 49.6 

287.0 

312.6 i 

j 325.5 

362.2 

A-4> 

28.1 

28.2 

287.0 

307.9 

1 315.1 

336.1 

A-6 

25.1 

40.2 

332.4 

335.4 

} 357.5 

375.6 

A~7 

: 37.3 

30.2 

296.0 

293.2 1 

i 333.3 

323.4 

A-8* 

i 30.1 


300.0 


330.1 


A-9 

35.4 

41.9 i 

309.1 

305.9 

344.5 

347.8 

A-10 . 

31.3 

37.5 j 

332.3 

317.0 

363.6 

354.5 


* The sample of fermented material from this plot was not received. 
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The nitrogen-carbon ratio of the cured and fermented samples then was 
ascertained (table V) and the results of smoking the experimental cigars are 
given in table VI. 

TABLE V 

Nitrogen-carbon ratio of cured and fermented tobacco 


Plot no. 

Carbon 

Nitrogen 

N-C ratio 

Cured 

Fermented 

Cured 

Fermented 

Cured 

Fermented 

A-1 

per cent. 
40.25 

per cent. 
40.74 

per cent. 
4.42 

per cent. 
5.17 

1: 9.1 

1: 7.9 

A-2 

42.06 

40.01 

4.38 

5.00 

1: 9.6 

1 : 8.2 

A~3 

40.96 

41.16 

4.29 

4.81 

1: 9.5 

1 : 8.6 

A-4 

42.05 

41.62 

4.80 

4.71 

1: 8.8 

1 : 8.8 

A-5 

41.86 

41.17 

4.47 

4.95 

1: 9.4 

1 : 8.3 

A-6 

40.92 

41.07 

4.51 ! 

4.93 

1:9.1 1 

1 : 8.3 

A-7 

1 40.95 

41.56 

4.57 j 

5.14 

1 : 9.0 

1 1:8.1 

A-8 

A-9 

42.11 

40.07 

41.36 

4.44 

4.51 

5.18 

1:9.5 

1:8.9 

1 : 8.0 

A-10 

42.24 

42.03 

4.24 

i 

4.45 

1: 10 

1 : 9.4 


Discussion of results 

Analyses of the cured samples showed that it was not possible to ma- 
terially decrease the calcium or increase the potassium content by the fer- 
tilizer treatments employed ; this is shown in table II. Analyses of the fer- 
mented samples, how^ever, as shown in table III, indicate a more narrow 
potassium-calcium ratio. According to table II, the sulphur content was not 
influenced by the large quantity of sulphate of potash additions. These 
results indicate that the solution of the problem may not be reached by 
potash applications alone. More attention must be given to those factors 
which have to do with the availability of soil calcium. In this connection 
the advisability of plowing under a crop of clover, which is a heavy calcium 
feeder and maintains a high nitrogen content of the soil, is questioned. 

The data in table III show a marked decrease in soluble ash of the fer- 
mented, as compared with the cured samples. Probably this is due to the 
loss of such material in the handling of the tobacco. Considerable quantities 
of soil and sand may adhere to the leaves of the harvested plants, owing to 
a gummy covering of the leaves, and even may persist over the period of air- 
curing. As this gummy material disappears during fermentation, there is a 
chance for a noticeable loss of inorganic material in this process. At the 
same time, there is a possibility that an equilibrium is established between 
the web and the midrib or stem during fermentation, resulting in a loss of 
calcium from the web to the midrib or stem and an increase of substances, 
such as potassium, in the web at the expense of these portions. 
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TABLE VI 

Smoking qualities or cigaks made from the 1928 crop 
Three-year rotation* 


Sample 

NO. 

Burn 

Fire- 

holding 

capacity 

Color or 
ASH 

Coherence 

or ASH 

Aroma 

Taste 

Total** 


pointff 

points 

points 

points 

points 

points 

points 

A-1 

18 

10 

8 

8 

15 

15 

74 

A-2 . 

17 

10 

8 

6 

18 

15 

74 

A-3 .. 

18 

10 

6 

8 

18 

15 

75 

A-4 

19 

10 

1 ^ 

8 

18 

15 j 

78 

A-5 

15 

5 

8 

6 

10 

12 

56 

A-6 

18 

10 

: 6 

8 

16 1 

14 

72 

A-7 

18 

10 

! 6 

8 

16 

14 

72 

A-8 

18 

10 

8 

i 8 

18 

16 

78 

A-9 

1 

7 

6 

8 

16 

14 

67 

> 

1 

O 

16 

10 

5 

L- 

1 ® 

16 

14 

69 


^ A-1 Coherent. Light gray ash. Slight char. Holds fire 6-7 minutes. 

A-2 Flakes slightly. Light ash. Slight char. Holds fire 6-7 minutes. 

A-3 Coherent. Medium gray ash. Slight char. Holds fire 6-7 minutes. 

A-4 Coherent. Light ash. Slight char. Holds fire 6-7 minutes. 

A-5 Fairly coherent. Mottled ash. Chars badly. Holds fire less than 5 minutes. 
A-6 Coherent. Medium gray ash. Chars slightly. Holds fire 6-7 minutes. 

A-7 Coherent. Medium gray ash. Chars slightly. Holds fire 6-7 minutes. 

A-8 Coherent. Light gray ash. Chars very slightly. Holds fire 6-7 minutes. 
A-9 Coherent. Medium gray ash. Chars. Holds fire 5-6 minutes. 

A-10 Coherent. Dark ash. Chars. Holds fire 6-7 minutes. 


«* 


A perfect score would have been as follows : 


Burn 

20 points 

Fire-holdiiig capacity 

10 points 

Color of ash 

10 points 

Coherence of ash 

10 points 

Aroma 

25 points 

Taste 

25 points 


There has beeu a material increase, in most instances, in the soluble ash 
of the web during fermentation; these differences in percentages cannot 
be accounted for on the basis of a loss of organic matter during fermenta- 
tion. If this is correct, then the fermentation of cigar-leaf tobacco has a 
significance not usually taken into consideration. In order to correctly in- 
terpret the data in tables III and IV, however, the total loss of ash con- 
stituents and organic matter should be known. 

The data in table V show, with one exception, a narrowing of the nitro- 
gen-carbon ratio in the fermentation process. They further show that there 
must have been a relatively small amount of nitrogen lost during the fer- 
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mentation process. It must be remembered, however, that the fermenta- 
tion was not sufficiently prolonged to insure the best quality of tobacco. The 
carbon content of the cured and fermented samples is, on the whole, quite 
uniform. 

Table VI shows that cigars made from the tobacco of plot A-5 were in- 
ferior to the others. On the w^hole, however, the smoking tests were unsatis- 
factory. We believe that the lack of sufficient fermentation and aging were 
of overshadowing importance. All cigars tested showed a relatively high 
chlorophyll content.* In order to study the effect of fertilizer treatments 
on tobacco by the score-card system employed, it is desirable that the tobacco 
be fermented and aged for a much longer period of time before being made 
into cigars for testing. 

Conclusions 

The results of these investigations appear to warrant the following con- 
clusions : 

1. The fertilizer treatments employed did not materially alter the ratio 
of potassium to calcium in the cured leaves. 

2. Increasing the quantity of sulphate of potash in the fertilizer treat- 
ments does not result in increasing the quantity of sulphur in the leaves. 

3. During the process of fermentation there is an apparent increase of 
soluble ash constituents in the leaves. 

4. There is a narrowing of the nitrogen-carbon ratio during feniumta- 
tion, but very little, if any, loss of nitrogen. 

5. The effect of the fertilizer treatment on the burning qualities of the 
cigars made from the differently treated tobaccos, is overshadowed by in- 
sufficient fermentation and aging. Qualitative tests of these cigars showed 
a relatively high concentration of chlorophyll, which is not only undesirable 
itself, but also indicates insufficient fermentation. 

Department or Agrk’itltural and Biologk al ('hemistky, 

Pennsylvania State College. 
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* Chlorophyll, however, may he found in many of the cigars now on the market. 



A STUDY OP THE AMMONIA CONTENT OF CIGAR SMOKE^* * 

D. E. Haley, C, 0, Jensen and Otto Olson 
(with one figure) 

The number of cigars manufactured in the United States for the year 
1913 exceeded 8,500,000,000, while in 1928 the number produced was about 
7,000,000,000. These figures indicate a noticeable decrease in demand. 
Probably the chief cause for this is the increasing popularity of cigarettes. 
However, the quality of the cigars now on the market may be a factor of 
considerable importance. The curing, fermentation, and aging processes 
have a great deal to do with the development of a pleasant aroma, lack of 
harshness, and a mild physiological effect when smoked, but the field treat- 
ment of the tobacco itself may be of overshadowing importance. 

Pennsylvania ranks high as a producer of cigar-leaf tobacco. The Penn- 
sylvania Agricultural Experiment Station and the United States Depart- 
ment of Agriculture have been interested for a number of years in the 
factors that affect quality production. Various field treatments have been 
em[)loyed at the Tobacco Experiment Plots at Ephrata. Each year a con- 
siderable quantity of the tobacco produced is fermented and made into 
cigars for testing purposes. As a rule, the cigars are made from tobacco less 
than a year after the crop is harvested. Because of insufficient aging, these 
cigars usually produce a harsh unpleasant smoke. The burn, coherence of 
ash, and other qualities may, however, be studied satisfactorily. 

The physiological effect and other undesirable qualities of cigar smoke 
have been attributed, in large measure, to the nicotine content, although 
cigar smoke is known to contain ammonia, aldehydes, amines, organic acids, 
carbon monoxide, hydrocarbons, hydrogen sulphide, hydrogen cyanide, pyri- 
dine, and many other substances. From a physiological standpoint, am- 
monia is an important constituent in that it may interfere with the normal 
action of the heart and produce other complications if present in the smoke 
in sufficient concentrations. 

Very little has been reported on the ammonia content of cigar smoke, 
especially for cigars made from tobacco of known history. For this reason 
it was decided to make a study of this constituent in the smoke of cigars 
made from the experimental tobaccos. 

1 Publication authorized by the Director of the Pennsylvania Agricultural Experi- 
ment Station as Technical Pa])er no. 506. 

2 This investigation was conducted in cooperation with Dr. W. W. Gaeneb, of the 
U. S. Bureau of Plant Industry, Office of Plant Nutrition and Tobacco Investigations, 
and Professor F. D. Gardner, Department of Agronomy of the Pennsylvania State 

College. 
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Experimental 

The test cigars were* made wholly of tobacco grown on 10 separate plots 
which received fertilizer treatments according to the plan given in a pre- 
vious paper (5). An intermittent smoking apparatus was used. Somewhat 
similar methods have been employed by others. Jenkins (6) used an ap- 
paratus in which suction was secured by means of an aspirator which filled 
by a continuous inflow of water and emptied at regular intervals by means 
of a siphon. Garner (4) retained the essential features of this apparatus, 
but modified it so that several cigars could be smoked simultaneously. Gar- 
NER^s apparatus, however, was devised for work pertaining to the burning 
qualities of the cigar rather than to the chemistry of the smoke. The dura- 
tion of each puff was 10 seconds ; the interval between puffs was 30 seconds. 
Wiley (9) describes a similar apparatus. Asherson (1) used an aspirator 
which evidently was turned on and oft* by hand, so as to simulate the man- 
ner of smoking of the average smoker. Bogen (2) states that he obtained 
the necessary suction by the use of a water pumx) which was turned on and 
off at regular intervals by an electric solenoid valve, operated by a contact 
on a Harvard kymograph. An automatic siphon arrangement was tried, but 
was discontinued as unsatisfactory. 

Various methods have been employed for collecting the active constitu- 
ents of smoke. Bogen (2) reports that he collected the smoke over water, 
allowed it to condense for one hour and then analyzed the aqueous solution 
for ammonia. Thoms (7) employed three jars containing various quantities 
of 10 per cent. H2SO4 in order to remove the basic constituents of the smoke. 

Methods of analyses employed by other workers in this field were re- 
viewed. Vickery and Pitcher (8) developed a method for estimating the 
ammonia in tobacco and tobacco extracts which is entirely satisfactory for 
work of this kind. It is based on the observation that nicotine is absorbed 
by permutit (a synthetic alumino-silicate) only to a very small extent, 
whereas ammonia may be quantitatively removed from a faintly acid solu- 
tion by permutit, set free by alkali and determined by Nesslerization. The 
method which is fully described by Vickery and Pucuer (8) and which is 
a modification of Polin and Bell’s method for the determination of am- 
monia in urine (3), w^as used by us and found quite satisfactory. 

The smoking apparatus 

Some of the apparatus previously used by us proved unsatisfactory. It 
was felt that an intermittent siphon could be made that would give a 
regular interval in the suction. An apparatus was devised which proved 
satisfactory (see fig. 1). It was so regulated that each puff lasted about 6.J 
seconds with an interval between puffs of 35 seconds. 
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A is a suction flask to which continuous suction is applied by means 
of a laboratory vacuum pump. The amount of suction is regulated by 
means of a valve. B, C, and D are absorption tubes, each of whieh holds 
25 cc. of 20 per cent. H^SO^. E is a. glass cigar holder. Jf’ is a tube ad- 
mitting air to the suction flask A, when the water level in the intermittent 
siphon G is below the level of the inverted tube F. When the water rises 
to the level of the inverted funnel, the air supply is cut off and the vacuum 
created in A draws air through the cigar. When the water reaches the top 
of the curved tube in G, it siphons out and the tube F is again open, air 
enters tlie suction flask A and no air is drawn through the cigar. Z is a 
bottle holding water at a constant level, and fed from the supply bottle J. 
The rate of flow of water from 7 is regulated by means of the clamp H. 



Before smoking, the cigars were kept in a desiccator containing 43 per 
cent. H 2 SO 4 . At 25° C., according to Wilson (10), this should give an 
atmospliere having a relative humidity of 50 per cent. The ends of the 
cigars were cut so that all had the same circumference. Each cigar then 
was weighed and smoked. The small quantity of tobacco remaining at tlie 
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end of the experiment was weighed and subtracted from the original weight. 
In this way the weight *of tobacco smoked was ascertained. 

In the preliminary work it was found that 25 cc. of normal HgSO* in 
the first tube absorbed practically all of the ammonia. Since we desired to 
determine nicotine, however, we used 20 per cent. H2SO4 instead. 

Three cigars were smoked before the acid was removed. The total 
amount of ammonia and its relation to the total nitrogen content of the 
tobacco then was determined. The results are given in table I. 


TABLE I 

Quantity of ammonia in smoke as related to the total nitrogen content of the 

ORIGINAL TOBACCO FROM WHICH THE CIGARS WERE MADE 


Constituents 

1 





Samples 





A-1 

A-2 

A -3 

A-4 

A -5 

A -6 

A-7 

A-8 

1 A-9 

A-10 


mg. 

mg. 

mg. 

r 

mg. 

my. 

mg. 

mg. 

mg. 

mg. 

my. 

Total nitrogen 

51.7 

50.0 

48.1 

; 47.1 

49.5 

49.3 

51.4 


51.8 

44.5 

Ammonia in smoke 

4.7 

5.4 

5.5 

5.6 

5.4 

5.4 

6.0 

4.8 

3.5 

3.6 


The results show that apparently there is no relation between the am- 
monia content of cigar smoke and the fertilizer treatment received by the 
tobacco. This is not strange since the fertilizer treatment did not mate- 
rially affect the nitrogen content of the tobacco. The first seven samples 
show a close correlation between the total nitrogen content of the tobacco 
and the quantity of ammonia in the smoke. Representative samples of sev- 
eral commercial cigars made almost wholly of well fermented tobacco showed 
a smoke of much lower ammonia content. 

Summary 

1. An apparatus was devised which i)roved satisfactory for the inter- 
mittent smoking of cigars. 

2. There was no correlation between the fertilizer treatment of the 
tobacco and the ammonia content of the smoke. This may not hold true 
for cigars made of thoroughly fermented tobacco. 

DjSpartment of Agrk^ultukal and Biological Chemistry, 

Pennsylvania State College. 
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BRIEF PAPERS 

JEAN SENBBIER 
1742^1808 
(with one plate) 

‘‘Mais la meilleure de toutes les m^thodes pour aasurer 
la bont^ de see observations; c^est celle par laquelle on 
olierche k les appujer sur de nouvelles observations faites 
en sens contraire: 1 ’opposition des r^sultats ddmontre 
alors la justesse des premieres observations. ’ ' 

L*Aft d^Observer, I, 209, 

Calandrini (1743) first expressed the surmise that the leaves of plants 
possessed the function of collecting and absorbing dew. This induced a 
wealthy patrician in Geneva, Charles Bonnet (1720-1793), to immerse 
shoots of a grape vine in large glass vessels. He at once observed that these 
shoots would be covered with innumerable air bubbles as long as sunlight 
lasted. After sunset, the phenomenon ceased. 

This observation, which dates from 1747, opened the door to thousands 
of experiments at the hand of Bonnet younger contemporaries: Priest- 
ley, Ingen-Housz, Senebier, and de Saussure. By cumulated efforts 
these four investigators, aided by the analytical work of Lavoisier, suc- 
ceeded in disclosing the essentials of that mystery which a later period 
named the phenomenon of photosynthesis, or the discovery of carbonic acid 
as the chief element of plant nutrition. 

By association and inclination Senebier was predisposed to a studious 
life. The son of a wealthy merchant, he was born in Geneva, in 1742 and 
might have entered commerce, but preferred a free activity as a student of 
science. His family consented, except for the stipulation that the young 
man must take up a definite study and finish it. He chose theology and 
was admitted to the pastorate after three years. At an early age he had 
been attracted to the circle inspired and guided by Bonnet, who fired his 
younger contemporaries by that curiosity which led to experiments rather 
than contemplation and philosophy. 

After his graduation Senebier made a journey to Paris where, on 
Bonnet's advice, he competed for a prize announced by the Haarlem 
academy for the best answer to the question “Wherein consists the art of 
making observations?" He won the prize, and returned to Switzerland 
where, in 1769, he became pastor at Chancy and remained in the pastorate 
until 1783, when he was called to Geneva as librarian of the City Library. 
Several works undertaken by him at this period indicate that his inclina- 
tions were divided between pure science and literary history. He trans- 
lated into French the Opuscula of Spallanzani; he published a literary 
history of Geneva and calendared and annotated the manuscripts of the 
municipal library with great zeal. In 1787, he joined the staff of the 
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renowned Encyclopedic methodique as collaborator for plant physiology. 
His personal work in this field was published before the Revolution, when 
Senebieb returned to the little town of Rolle, carrying his laboratory equip- 
ment with him. He continued his physiological, meteorological and chemi- 
cal researches there for more than ten years and printed numerous papers 
in the publications of several learned societies in which he held membership, 
notably Paris, Turin, Geneva and Lausanne. Returning to Geneva in 1799 
he divided his attention between the preparation of a translation of the 
apocryphal books and his Physiologie vegetate (1800) and died in 1808. 

Senebieb ‘‘physical’’ experiments, historically an inspiring episode in 
our knowledge of photosynthesis, began as early as 1765, and their progress, 
which we shall try to follow, went hand in hand with theoretical and 
methodological contemplation of the highest order. The results of these 
studies constitute Senebieb ’s first important book: Essai sur Part d* ob- 
server, 1775. This book, I believe, is the first systematic attempt at a 
philosophy of the art of experimentation. The young physicist describes 
in great detail the mental processes, the points of view, the conscientious 
attention, and the skill and inventiveness necessary to an experimental 
wwker. Each human quality fully developed, each instance of high inspi- 
ration, affords some possibility which insures good and reliable work. In 
its main thesis, in its appeal to the harmonic personality of the scientific 
worker, the book still is valid and may be read with advantage even now. 

The publications of Senebieb on plant physiology are quite numerous, 
but nearly all his experimental work was concentrated in the following 
books: 1. Menioires physico-chimiques stir Vinfiuence de la lumicre pour 
modifier les etres des trois regnes de la nature et surtout ceux dii regne 
vegetal, 3 vols. Geneva, 1782. 2. Recherches sur Vinfiuence de la 

lumiere solaire pour metanwrphoser Vair fixe en air pur par la vegetation, 
Geneva, 1783. 3. Experiences sur V action de la lumiere solaire dans la 

vegetation, Geneva, 1788. 4. Physiologie vegetate. 5 vols. Geneva, 1800. 

The titles of these works elucidate not only the contents, but, chrono- 
logically considered, also the historical development of Senebieb ’s studies 
of the physical basis of photosynthesis. Scarcely any other similar series 
of experiments in any field of research contains a similar wealth of detail ; 
hundreds and hundreds of times was the same arrangement repeated, now 
with reference to Ingen-Housz, then testing the exactness of Priestley’s 
work, then again striking a new track. 

The fundamental apparatus was similar to that of Ingen-Housz. The 
objects (leaves of plants) were deposited in a jar of water; above tliem 
and immersed in the jar, stood an inverted funnel, the neck of which was 
closed at its upper end and graded in order that the gas discharged by the 
vegetable matter might be measured. But one leaf was used in each experi- 
ment, and in each instance its surface was measured by means of a “phyllo- 
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meter, ' ^ two glass plates, one ruled to squares, between which each leaf was 
measured by the number of squares which it covered. The “exhaled” gar 
was tested by means of Volta eudiometer. \ 

In his first book (1779) Senebier denied that his plants ever developed 
carbonic acid under any circumstances. Green plants developed no gas in 
the dark. He also pointed out that oxygen was developed only by green 
plants in sunlight ; etiolated leaves, flowers and similar structures gave only 
negative results. The oxygen originated in the chiorophyll-bearing paren- 
chyma, not from leaf ribs or from epidermal structures. Even small frag- 
ments of green parenchyma secreted oxygen. 

Another series of experiments was concerned with the influence of 
colored light on the formation of oxygen. The priority of these studies is 
his. He employed large, double-walled bell-bottles and tested his objects 
with blue (litmus solution) and yellow (curcuma extract) light. The 
results indicated abnormal relations, but these were considered due to the 
amount of light, not to its quality. 

The most important of all Senebier discoveries was, however, that the 
presence of carbonic acid proved a deciding factor in the development of 
oxygen by green plants. His theory of this phenomenon was that the 
carbonic acid w^as dissociated and thus the oxygen liberated. This was 
proved hy three important facts : a, In distilled water, leaves developed no 
oxygen (already pointed out by Bonnet (1754) ; b, the amount of oxygen 
rose and fell with the amount of carbonic acid in the water within certain 
limits ; c, carbonate of lime gave off no oxygen in distilled water, but if some 
acid was added which liberated the carbonic acid in this water, green leaves, 
when introduced and exposed to sunlight, would develop oxygen. 

These data constitute Senebier^s chief contribution to the solution of 
the problem. He did not, how^ever, stop at this point. He assured himself 
that the gas which was dissociated by the action of green leaves was the 
so-called “fixed gas” (carbonic acid), the amount of which, in the water, 
decreased considerably as the leaves acted upon it. The leaves separated 
the useless from the useful admixture, expelled the “pure air,” i.e., the 
oxygen, and absorbed the phlogiston as an element in their development 
and grow’th. He further concluded that the metabolism of plants consisted 
in the association of carbonic acid, plant juices and light, this process being 
confined to green tissues, probably to their resinous elements (i.e., the 
chlorophyll). The juices of plants were replenished through the roots, 
which absorbed water, some solid matter, and carbonic acid (dissolved in 
the water). 

The source of the exhaled oxygen w^as an important problem, and 
Senebier at once asked whether it might be attributed to atmospheric car- 
bonic acid. His reasoning on this point is very interesting : “Carbonic acid 
is, and always must be, present in the lower strata of the atmosphere . , . 
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the problem is whether it may enter into the leaves. I confess that I do not 
believe carbonic acid can be carried into the leaves as a gas . . . but that 
it enters after having been dissolved in the water, like in charged waters/’ 

His next conclusion was that the carbonic acid, thus present in the plant 
tissues, was decomposed by sunlight; the phlogiston (carbon) united with 
the ‘‘resinous substances” (chlorophyll), which have a great affinity for 
carbon. 

His most important conclusion, however, was : “ If the amount of oxygen 
given off by the leaves, is proportionate to the amount of carbonic acid in 
the water, and if the leaves in the water have absorbed only the carbonic 
acid contained therein, then the gas which is produced must be the result 
of a dissociation of the carbonic acid. ’ ’ 

Scarcely less elucidating was his next conclusion, that the service of 
the carbonic acid lies in assisting in the formation of the acid substances 
contained in the plant. 

Thus, in 1788, Senebier recognized — naturally on the basis of Lavoi- 
sier’s analysis of carbonic acid — ^that “phlogiston’’ was identical with 
carbon; that carbonic acid is dissociated within the plant tissues; and 
finally, that the plants serve as regulators of the atmospheric content of 
carbonic acid. 

In 1792 this subject was resumed in a paper in the Journal de Physique. 

In this paper he confirmed his former findings with the following addi- 
tion: “In regard to the formation of the amount of hydrogen necessary for 
the production of oils and vegetable acids, this is doubtless due to the 
dissociation of the water, but experience has not yet taught me how it takes 
place in the plants.” This shows that Senebier at this time considered 
water not only a medium of solution from which plants miglit extract 
certain gases dissolved therein, but as a nutritive element, subject, in itself, 
of an advantageous dissociation. 

Substantially the same conclusions were deposited in the Physiologic 
vegetale, 1800. 

As is well known, Ingen-Housz never recognized the fact that the secre- 
tion of oxygen depends on the presence of CO 2 in the plant. The contro- 
versy between these two investigators, at times very bitter, was continued 
for many years. The details, embodied in more or less tart papers, cannot 
now interest us deeply. To Ingen-Housz belongs the credit of explaining 
Priestley’s discovery that living green plants “improve” the atmosphere 
in such a way that it will increase combustion and sustain the life of ani- 
mals. This was abundantly (and independently) confirmed by Senebier. 
Neither had perfected his experiments far enough to prove conclusively 
that CO 2 is developed by plants in the absence of light. The share of each 
of these two men in the discovery of almost identical facts has been subject 
of much discussion and even controversy; the fact remains that Inqen- 
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Housz admitted the development of oxygen by chlorophyll-bearing plants 
without the presence of COg. But neither proved the assimilation of COg 
from the atmosphere, even though Ingen-Housz observed and recognized it. 
Either, however, carried Priestley* s and Bonnet *s observations into the field 
of exa^ experimentation^ and but few fundamental discoveries in plant 
physiology have been as carefully and persistently documented. 

Sei^bieb's studies of the cause of etiolation were quite exhaustive, but 
barren of valid result. More successful were his studies on the sleep- 
movements (afterwards continued by his friend A. De Candolle), by which 
it was proved that a degree of turgor remains even amidst the periodic 
movements. — J. Christian Bay, John Crerar Library, Chicago, Illinois, 

GRAFTING EXPERIMENTS WITH COTTON^ 

(with one figure) 

A successful method of reproducing cotton asexually offers interesting 
possibilities in retaining parental genotypes of this crop indefinitely. In 
previous papers the author has described his attempts to propagate cotton by 
stem cutting. More recently some preliminary experiments in grafting 
cotton have been completed and it is desired to present the results of this 
work in the present paper. While no attempts have been made by the 
author to try budding in connection with the propagation of cotton, Mc- 
Namara and Hooton^ of the U. S. Cotton Breeding Station at Greenville, 
Texas, have succeeded in proi)agating cotton by budding. Grafting as a 
method of reproducing cotton asexually has received the attention of the 
writer only after poor results were secured with cuttings. Although nu- 
merous attempts have been made to root cotton stem cuttings, less than 10 
per cent, of the cuttings resulted in new plants. Since little or no difficulty 
was experienced in securing a high percentage of callusing in stem cuttings, 
it was expected that grafting might be very successful. 

The saddle graft method was used in these trials, fig. 1.® The main stem 
of the cotton plant to be used as the stock was trimmed to a slender wedge 
immediately above the lower node. Any leaves or branches below this node 
were removed. A scion of medium mature w'ood and of similar diameter to 
the stock w^as selected and cut to retain three nodes. In preparing the scion 
a cross-sectional cut was made immediately below’ a basal bud. The lower 
end of the scion w^as then split a short distance and fitted over the wedge 
of the stock so that the cambium layers of the scion and stock were matched 

1 Contribution from the Division of Agronomy, To.\as Agricultural Experiment Sta- 
tion. Approved by the Director as Technical Contribution no. 130. 

2 Rea, H. E. Asexual reproduction of cotton. Jour. Hered. 19: 356-357. 1928. 

2 Rea, H. E. Callusing of cotton stem cuttings. Plant Physiol. 6: 575-585. 1930. 

* McNamara, H. C., and Hooton, D. R. Unpublished data, 

« Bailey, L. H. The nursery book. Macmillan Co. 1912. 
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Fig. 1. Saddle grafts of cotton showing (A) enlarged view of well developed union, 
(B) growth of scion 15 days, and (C) 71 days after grafting. 

at least on one side. After placing the scion the complete graft was wrapped 
with paraffined cotton string and sealed with warm paraffin. Several weeks 
later, after the scion had put out a leaf bud and the physiological union ap- 
peared to have taken place, the string and paraffin were removed and all 
leaf buds on the stock prevented from developing. 

Using the saddle graft method 188 trials were made during the summer 
of 1930. Of this number of grafts 87, or 46.2 per cent., were successful and 
resulted in the production of vegetative growth and fruiting of the scion. 
Scions were placed at seven different dates as is shown in table I. The 
trials made on a specific date were comparable ; however, the scions jfiaced 
on the several dates were under varied conditions. 

On May 14, June 25, August 9 and August 21, a total of 38, 32, 18 and 
13 grafts, respectively, were made under similar conditions. The scion and 
stock used on these dates w^ere all of the Lone Star variety of cotton but in 
each case the scion was of a different plant from the stock. The grafting 
was accomplished early in the morning w^hile the temperature was moderate 
and the work was usually completed prior to 9 A. M. Each scion and stock 
was prepared and the graft completed before disturbing the next plants. 
Using this procedure 63.2, 75.0, 72.2 and 84.6 per cent, of the grafts at- 
tempted on May 14, June 25, August 9, and August 21, respectively, were 
successful. In all, 101 plants were grafted in this series and 72 scions grew, 
making an average of 71.3 per cent. 

This was by far the most successful lot of grafts made in these pre- 
liminary trials. The plants used as stocks on May 14 were growing in 8 inch 
flower pots on the greenhouse bench. On September 4 at an age of 113 days 
the scions used on these plants were only 10 inches long but had blossoms 
and half mature green bolls on them. The plants used on June 25 were in 
16 inch wooden tubs and had made considerably greater vegetative growth 
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TABLE I 

Summary of preliminary grafting trial with cotton 


Date of trial 
1930 

Condition of trial 

Plants 

SUCCESS- 

FULLY 

grafted 

Plants 

USED 

Successful 

grafts 

May 14 

Scion and stock of Lone Star, 
cut immediately before use. 
Work accomplished prior to 

9 A. M. 

24 

38 

63.2 

June 25 

i t 

24 

32 

75.0 

August 9 

( i 

13 

18 

72.2 

August 21 

i { 

11 

13 

84.6 

Sub total 

i ( 

72 

101 

71.3 

July ] 7 

Scion of Willet Red Lieaf and 
stock of Lone Star. Scion 
cut 48 hours prior to use 
and re-cut just prior to- 
placeinent. Work accom- 
plished prior to 9 A. M. 

None 

19 

0.0 

August 13 

Scion and stock of Lone Star. 
Scion cut 1 hour prior to 
use. Work accomplished 
prior to 9 A. M. 

1 

7 

29 

24.1 

August 20 

Scion and stock of Lone Star 
used immediately after cut- 
ting, Work accomplished 
from 11 A. M. to 3 P. M. 

8 

39 

20.5 

Grand total 

For all trials 

87 

188 

46.2 


than the early lot. The stems on some of these plants were 30 inches long. 
The development of the other lots of grafts varied all the way from the 
opening of a single leaf bud to three or four leaves. The information re- 
garding tlie growth of the scion is offered only to show that the scion made 
normal development corresponding to the environment of the stock. 

In the case of 19 scions of Willet Red Leaf cotton, placed on a like num- 
ber as Lone Star stock on July 17, all died. These scions had been trans- 
ported a considerable distance before being used and were cut from the 
parent plants 48 hours prior to placement on the stock. Although the scion 
■wood was kept in loosely closed moist glass jars and a fresh cut was made on 
each scion as it was used, it is supposed that the delay injured the scions. 
On August 13 there was a delay of one hour between the time the scion- 
stick was cut from the parent stalk and placed on the stock. This treatment 
resulted in only 7 out of 29 of the scions growing, or 24.1 per cent. Again 
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on August 20 a total of 39 scions were placed under conditions thought to be 
injurious. This time the grafting was done during the heat of the day from 
11 A. M. to 3 P. M. Only 8, or 20.5 per cent., of these scions grew. — H, E, 
Kea, Substation no, 5, Texas Agricultural Experiment Station, Temple, 
Texas. 


TEMPERATURE AS A POSSIBLE FACTOR IN REGENERATION 

In view of some recent publications on the subject of regeneration the 
writer believes that he is justified in mentioning some observations made in 
1926 while at the University of New Hampshire. 

The Botany Department had two greenhouses in operation at that time, 
one maintained at a nearly constant temperature of 18° C. and the other at 
15° C. For a time the temperature of the warm house was run above 25° C. 
for as much as four hours a day, but the cold house was not allowed to run 
above 20° C. During the course of other work the writer decided to see if 
temperature could have any effect on the regeneration of buds from tomato 
hypocotyls where the tops had been removed. Tomato was chosen because 
other members of the family had given striking examples of such regener- 
ation after such operations had been performed while tomato itself refused 
absolutely to give any such results under normal conditions.* Accordingly 
pans of seedlings of tomato were prepared and started under normal condi- 
tions. When these had reached a good size, the seedlings were carefully 
clipped off well below the cotyledons, care being taken to see that no 
primordial buds such as are generally found in the axils of cotyledons 
remained. Checks were also kept of uninjured seedlings. Certain seedlings 
were then placed in the ‘‘hot’^ house, and an equal number in the “cokU^ 
house, each with their checks. 

In a short time the writer was interested to note that practically every 
one of those in the ‘‘hot’' house regenerated their tops by means of shoots 
arising from the top of the hypocotyl and thriftily produced a new set of 
tops. On the other hand, not one seedling of the “cold” house regenerated 
a new shoot or even produced a single bud. The best that they seemed able 
to do was to turn green and to remain alive for a time. All of these finally 
died. The experiment was repeated again, with the same results. 

From these results the writer is inclined to believe that temperature 
plays a part in the regeneration of injured parts, at least in the tomato. — 
Fred R. Clark, Southeastern State Teachers^ College, Durant, OMahoma. 

* Clabk, Fred R. Bud formation on plant hypocotyls. Ann. Rept. Michigan Acad. 
Sci. 20: 146. 1918. 



NOTES 

Cleveland Meeting. — The seventh annual meeting of the American 
Society of Plant Physiologists at Cleveland was very largely attended, and 
was most successful in every way. The audience room in the Law Build- 
ing of Western Reserve University was crowded most of the time during 
the sessions, and the papers were in the main interesting and valu- 
able. The business sessions showed that the Society is growing substan- 
tially, and that the financial foundations are satisfactory. A spirit of 
optimism pervaded all of the sessions; and the banquet, at which nearly a 
hundred of the members were gathered, was an occasion long to be remem- 
bered. It was made the occasion of the second award of the Stephen Hales 
Prize, and the sixth award of the Charles Reid Barnes Life Membership. 
With this meeting in the background, plans will no doubt go forward at 
once for a larger and better meeting, if possible, at New Orleans in Decem- 
ber. 1931. 

Pasadena Meeting. — The American Association for the Advancement 
of Science will hold its summer meeting at the California Institute of Tech- 
nology. at Pasadena, in June. Tentative plans are being drawn for the 
participation in this meeting by the western members of the American 
Society of Plant Physiologists. Announcement of more details may be ex- 
pected in April. 

Life Membership Award. — The committee in charge of the sixth award 
of the Charles Reid Barnes Life Membership in the American Society of 
Plant Physiologists bestowed that honor upon Dr. Rodney Howard True, 
Professor of Botany in the University of Pennsylvania, a life-long investi- 
gator of important phases of plant physiology. Dr. True was born at 
Greenfield, Wisconsin, in 1866. His earlier training was at the University 
of Wisconsin, but his doctorate work was completed at Leipzig, with 
Pfefper, in 1895. While at Wisconsin, he had been a student with Dr. 
Barne.s, a circumstance ■which was made known by Dr. True in his gracious 
reply to the announcement of the award. After returning from Germany, 
Dr. True was for some years a member of the Department of Pharmacog- 
nosy at Wisconsin, and for a brief time, lecturer at Harvard University. 
Beginning about 1901, he was for nearly 20 years in charge of the physio- 
logical investigations of the Bureau of Plant Industry. He built up 
a strong organization for investigation of fundamental problems of plant 
life. His work on nutrition of plants, with special reference to calcium in 
relation to the intake of the other mineral elements, was of great signifi- 
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cance. In 1920 he resigned this work to become Professor of Botany and 
Director of the Botanic Garden, University of Pennsylvania. During a 
number of years he has been secretary of the Committee of One Hundred 
on Scientific Kesearch, of the American Association for the Advancement 
of Science. 

A pleasing feature of the announcement was the fact that the presenta-' 
tion of the award was made by Dr. R. B. Harvey, of the University of 
Minnesota, who had been at one time associated with Dr. True's work in 
the Bureau of Plant Industry. Dr. True s response w^as in delightful 
vein, recalling his earlier connection with Dr. Barnes at Wisconsin. 

Stephen Hales Prize Award. — The second award of the Stephen Hales 
Prize was made to Dr. Wightman Wells Garner, chemist and plant physi- 
ologist of the U. S. Department of Agriculture, who has been for many 
years in charge of the tobacco and plant nutrition investigations of the 
Bureau of Plant Industry. Dr. Garner was born at Timmonsville, South 
Carolina, in 1875. A graduate of the University of South Carolina, he 
received his Ph.D. from Johns Hopkins University in 1900. He began his 
work in the Bureau of Chemistry in 1904, and became chief of the tobacco 
and plant nutrition work in 1909. He is known internationally for his 
work on photoperiodism and related phenomena. 

Changes of Address. — All members of the Society should register 
changes of address promptly with the Secretary of the Society. Plant 
Physiology is an expensive journal, and lost numbers break volumes, which 
in broken sets are worth only a fraction of their real value to the treasury. 
To prevent failure to deliver, notify the Secretary, and leave a forwarding 
address with your local postmaster. Even so, there is delay in delivery 
until the member sends the necessary postage for forwarding. Much 
trouble will be saved for everybody concerned by sending the Secretary 
both the old and the new address, and requesting an immediate change in 
your addressograph stencil. 

Portraits. — Beginning with this issue, Plant Physiology presents 
a series of portraits of famous contemporary plant physiologists. It is a 
great pleasure to begin this series with the portrait of Dr. Ludwig Jost, of 
the Botanical Institute of Heidelberg University. In April, we hope to 
have a reproduction of an excellent crayon of Dr. F. F. Blackman, of Cam- 
bridge University. If it can be arranged, the July and October numbers 
will carry portraits of Dr. F. A. Went, of Utrecht, and Dr. N. A. 
Maximow, of Leningrad. These are in addition to the biographical por- 
traits which appear from time to time. In this issue we have a rare por- 
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trait of Senebier, furnished by Dr. Bay, of the John Crerar Library. 
Portraits of all plant physiologists appearing in Plant Physiology can be 
obtained at 12 cents each. In complete sets, or in sets of 9 or more, the 
first 9 will be furnished for $1.00, postpaid. Orders should be sent to the 
editor, as these portraits are held at the editorial oflSce, in Chicago. 

Endowment Funds. — The American Society of Plant Physiologists has 
three funds to which gifts can be made at any time by those who desire to 
share in the permanent support of the Society's program. The program 
is flexible enough to permit constant adaptation of the use of funds 
to changing needs, so that no one need fear that funds might some day be 
useless. First, the Stephen Hales fund, which now amounts to $1100, for 
award of occasional prizes for outstanding contributions to the knowledge 
of plant physiology. Several hundred dollars should be added to this fund 
to guarantee income sufficient for awards at least biennially. Second, the 
Charles Reid Barnes Life Membership fund, which has been allotted 
$1400 by action of the Executive Committee. With the provision made 
last year, this fund is ultimately guaranteed completion. At the same 
time, the way is left open for anyone who was formerly associated with 
Barnes, or who would consider it a privilege to share in honoring Barnes 
in this way, to make gifts to the fund. As life memberships are vacated, 
enough of these are to be added to the principal fund to bring it up to the 
amount required for an annual award. Third, the general endowment 
fund, established to care for any extraordinary service, such as publishing 
expensive papers, monographs, colored plates when necessary, etc. This 
fund lias been started during the year, and contains $110. Friends of the 
science of plant jihysiology are invited to share in these projects whenever 
they feel like doing so. Financial strength will enable the Society to pro- 
ceed with complete confidence in the future. All gifts should be sent to 
the Secretary-Treasurer, Dr, Wright A. Gardner, Alabama Polytechnic 
Institute, Auburn, Alabama. 

Back Number Wanted, — ^Volume I, Number 1, January, 1926, of 
Plant Physiology is wanted by the New York State Agricultural Experi- 
ment Station, Geneva, New York. The library of the New York Station 
is very anxious to purchase Volume I, Number 1, of this journal to com- 
plete its file. Members and subscribers are urged to examine their files for 
a spare copy of this number, and communicate with Dr. James G. Hors- 
fall, who will arrange for its purchase. The Station will appreciate 
greatly the cooperation in this matter of members and subscribers. 
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International Critical Tables. — The final volume of the first edition of 
the International Critical Tables was sent out by McGraw-Hill Book Co. 
late in 1930. This Volume (VII) contains data on refractivity of gases 
and vapors, elements, selected solids and liquids, doubly refractive solids, 
organic liquids, mixtures, and electric and magnetic birefringence ; kinetics 
of chemical processes, of biochemical reactions, and of photochemical 
processes. The latter section presents data on filters for Hg-vapor lamps, 
reaction velocities of photochemical changes, temperature coefficients, dis- 
placement of equilibria, phototropy, and quantum sensitivity. Succeeding 
sections consider absorption spectra of dyes, viscosity of pure liquids, free 
energy of chemical substances (thermodynamics), solubility of slightly 
soluble salts in aqueous solutions of electrolytes, optical rotatory power of 
solid crystals, optical rotatory power of liquids and solutions, and commer- 
cial explosives. At the close is a list of journals and books with key num- 
bers for references. A separate index in English, French, German, and 
Italian covering all seven volumes, is furnished with volume VII. The 
publishers also announce a continuation with Annual Tables of Constants 
and Numerical Data, vol. VIII for 1927-28, IX for 1929, and X for 1930. 
Subscribers for the earlier volumes are allowed discounts for the later ones 
if ordered promptly. 

A Textbook of Plant Physiology. — A welcome addition to the few 
available textbooks of plant physiology is the translation of N. A. Maxi- 
mow’s textbook, edited by Dr. A. E. Murneek and Dr. R. B. Harvey. 
This w^ork is published by the McGraw-Hill Book Co., at $4.00 per copy. 
The book is divided into four sections: Absorption of matter and energy; 
Water relations of the plant ; Utilization of reserve products and liberation 
of energy; and Growth, movement and reproduction. There are only 
twelve chapters in all. The careful editing has removed the evidences of 
translation, so that it will give the impression of an English text. It is 
written in clear style, is well illustrated, and should prove useful as a text. 
Those who prefer to begin with intake of water and salts can easily trans- 
pose the order of chapters for classes. The water relations section is valu- 
able as a summary of Maximow’s theoretical conceptions and research in 
this field. 

Enzymes. — Longmans, Green and Co. have issued a new book in their 
‘‘Monographs on Biochemistry” series. It is entitled Enzymes, and is by 
Dr. J. B. S. Haldane, of the Department of Biochemistry, Cambridge Uni- 
versity. As it is based on a lecture course, it lays no claim to completeness, 
but has to do more with the biochemical nature of enzymes and their 
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actions. After an introduction, Haldane takes up the influence of enzyme 
concentration and hydrogen ion concentration upon the rate of reactions. 
The succeeding chapters are as follows; The union of the enzyme with its 
substrate and related compounds ; the influence of temperature and radia- 
tion on enzyme action ; the course of enzyme reactions, and its mathematical 
theory; speciflcity; coenzymes, activators, kinases, and complements; the 
poisoning of enzymes; the purification and chemical nature of enzymes; 
theories of enzyme action, and classification of enzymes. Over 500 citations 
precede the index. The book is an interesting summary, and is more valu- 
able than if it were crowded with a multiplicity of details from attempts 
to be more complete. It is based upon and extends the field cleared by 
Bayliss in his earlier monograph, but without attempting to revise 
the earlier work. It is a valuable contribution in its field. The price of 
the work is $5.50, and orders should be sent to the publishers. New York. 

Elements of Plant Science. — Under this title Dr. Charles J. Chamber- 
lain of the University of Chicago presents an elementary textbook of 
Botany for beginners. The work is divided into two parts, the first part 
dealing with the structures and functions of seed plants, and the second 
with development of plants from the lowest to the highest. It is illustrated 
with 321 figures, and is a fresh presentation by one who has devoted his 
lifetime to a study of plants. A series of laboratory directions and exer- 
cises accompanies each section. Teachers of beginning botany will find 
much that is helpful in this book, and students will find it an attractive and 
stimulative introduction to plant life. It is published by McGraw-Hill 
Book Co., and the price, $1.90, is attractively low. Most students and in- 
vestigators in the botanical fields will find it an interesting review of the 
fundamentals of plant life, and the organization of the plant kingdom. 
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Introduction 

*Tue problem 

The environmental complex operates conjointly with the internal char- 
acteristics of an organism to control physiological activity. The number 
of kinds of environmental influences that may act on a living thing is of 
course very large; it may indeed be regarded as inflnite, for it includes, 
among other things, not only all the kinds of molecules and ions that may 
possibly act to alter the course of physiological activity in any way, but 
also as many partial ranges of radiation frequency as one chooses to con- 
sider. Each kind of influence may act wuth any number of degrees of 
intensity and intensity may fluctuate in any number of ways in the period 
of the life of the organism or throughout any developmental phase. Also, 
the time intervals considered in studying developmental changes may have 
any number of different lengths within the life period. Finally, the com- 
plex of all the environmental conditions that influence an organism for any 
time period may have any number of physiological values or capacities 
because of differences in the manner in which the component influences are 
combined or are concomitant. 

Starting with a given set of internal conditions, as those of a seed 
placed in culture for germination, the course of development, or whether 
development shall occur at all, must be considered as determined by the 
environmental complex and the physiological capacity of the seed operating 
together. To appreciate the behavior of a germinating seed it is conse- 
quently necessary to take into account not only the whole of the influential 
complex acting from outside the seed but also the capacity of the seed to 
respond to or to withstand environmental influences. For a given set of 
internal conditions (kind of seed, health, vigor, etc.) different response 
patterns are brought into being for different combinations of effective 
environmental conditions and their various intensities; provided, of course, 
that the environmental differences considered are sufficiently great and 
prevail for sufficiently long periods of time to show noticeable correspond- 
ing differences in the behavior of the awakening organism. 

To approach an experimental analysis of the conditional control of any 
kind of organism the problem needs to be attacked by the employment of 
relatively simple systems — the simpler the more promising — and this state- 
ment applies to the kind of organisms to be studied as well as to the en- 
vironmental complexes that are to be employed. It is also desirable, in 
the beginning, to study physiological processes that lend themselves most 
readily to measurement and to comparison with respect to process rates 
and their end results. The general nature of the relations between organ- 
isms and their environments has recently been discussed from this view- 
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point by Livingston (12). Somewhat the same viewpoint was in part 
taken by F. F. Blackman (3), in his classic discussion of environmental 
optima and limiting conditions. 

Most students of the environmental relations of organisms have dealt 
with systems far too complicated for first steps in such analyses. The 
problems have in many instances involved too many experimental variables 
and many of these have failed to lend themselves to adequate numerical 
description. It has also occurred in many cases that the background 
variables (those not intended to differ in intensity from test to test) were 
not described suflSciently well to permit satisfactory approach to duplica- 
tion if an experiment were to be repeated. These conditions of the experi- 
mental background might frequently differ from experiment to experiment 
and might fluctuate during the experiment periods in unknown and con- 
sequently unreproducible ways. Also, the several different intensities of 
the experimental variables themselves (the ones that are intended to differ 
in intensity from test to test) have been chosen in many instances so as 
not to represent adequately the whole range of intensities dealt with. To 
illustrate; only a few different maintained temperatures might be employed 
in a study of the temperature relations of a physiological process, when 
many additional temperatures would’ be needed to supply the points 
necessary for the construction of the ordinary temperature curve; the 
non-temperature conditions of the background might be inadequately 
described and the length of experiment period might not be chosen so as 
to bring out the time relations in a consistent manner. 

The main purpose of the study to be reported in this paper was to 
attack a relatively simple set of physiological relations by use of a com- 
paratively simple set of variables. The plant material chosen was a stock 
of wheat seed, whose germination capacity was to be studied in relation to 
various sets of environmental conditions. Resting seeds are relatively 
simple organisms in many respects, at least they are much simpler than 
seedlings or plants in later developmental phases. Wheat seed is known to 
retain its viability or capacity for germination without great alteration for 
rather long periods of time and the variability of a lot of pure-line wheat 
seed only a year or two old has been found to be not nearly so troublesome 
to the experimenter as is the variability of lots of some other kinds of 
seed. Although seed germination is a complex process, yet it is much 
simpler and more easily measured than subsequent phases of plant develop- 
ment and an end point for the germination phase may be chosen so as to 
be easily identified. Of course it is clear that the farther the developmental 
process is allowed to go the more complicated must be the environmental 
relations, and consequently this study dealt with the process of germination 
only, from the beginning of soaking to the bursting of the seedcoat. 
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As to environmental conditions, it is of course necessary that all essen- 
tial ones for the process studied shall be represented. For the germination 
of wheat seed these are comparatively few. Light is not essential and the 
very complicated question of light relations is set aside at once by limiting 
the problem to germination as it occurs in darkness. Water relations are 
readily dealt with by having the seeds always under dilute nutrient solution 
of a 3-salt type, which is very simple in comparison with many other media 
suitable for seed germination. While wheat seed does not germinate well 
in distilled water, different proportions of the nutrient salts in a dilute 
Shive solution appear to be without marked influence on germination and 
the growth of very young seedlings, as was pointed out by Gericke (6). 
Maintained temperatures are rather easily arranged in experimental studies 
that do not involve light. Letting the seeds germinate always under weak 
aqueous solution not only simplifies the question of water relations, as has 
been said, but it also simplifies the question of the influence of aeration. 
Natural aeration in a stagnant solution culture is not very vigorous and 
different degrees of aeration (including stirring of the solution) may 
readily be arranged by means of a bubbling air stream. 

The duration factor, which is always troublesome in experimentation 
on environmental influence, was simplified by having the longest experi- 
ment period only 24 hours, which markedly limited tlie possible influence 
of unknown changes in the medium as well as the extent of fundamental 
changes in the organisms during an experiment. This question of the 
influence of alteration in the influential conditions is of paramount im- 
portance and it would surely require serious attention if the seedlings were 
allowed to advance beyond the bursting of the seedcoat or if the experiment 
periods were much longer than the longest one employed in this study. By 
the use of three experiment periods shorter than 24 hours data were secured 
which may be useful in case later studies make the 24-hour period appear 
too long for the other features of the experimentation, especially with refer- 
ence to unknown progressive changes in the nutrient medium — such as 
absorption of salts or ions and leaching or excretion of material from the 
seeds. 

Seed germination was chosen as the subject for this study primarily 
because it constitutes a readily measured physiological process reduced 
nearly to its lowest terms of complexity. But there are other good reasons 
for further experimental study of the viability of a lot of seed. Practical 
methods for seed testing must be based on the principles to be brought out 
by such experimentation as this and the more we know of germination in 
general the more rapidly can seed-testing procedure be improved. 

Many experimental studies on the relations of more advanced develop- 
niental phases of plants involve the use of plant material secured from 
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seeds — indeed, for higher plants experimental material must be derived 
from seeds unless cuttings or other means of vegetative propagation are 
employed. And one of the main desiderata for any kind of experimenta- 
tion with plants is that the different individuals of the stock of plants used 
should be as nearly alike as possible. Whenever seedlings or subsequent 
stages of development are to be employed it is necessary that serious atten- 
tion be given to the conditions that prevail during seed germination and it 
appears that one of the most promising ways to procure a lot of reasonably 
similar plants is to carry out selections based on germination and the very 
early phases of seedling growth. Thus, the results of a study such as the 
one here reported maj’ be valuable in a fundamental and very practical 
way, as furnishing bases for many kinds of experimental study of more 
advanced phases. 

Because seed germination constitutes a conspicuous example of the 
awakening of plant organisms from a dormant condition, after all physi- 
ological processes have been at very low ebb for a long time, this kind of 
growth is itself of special importance in general physiology. 

The present study was carried out at the Laboratory of Plant Physi- 
ology of the Johns Hopkins ITniversity, from the fall of 1929 to the spring 
of 1930. In the planning of the experimentation and in the assembling 
and presentation of the results the writer has been guided and helped by 
Professor Burton E. Livingston, director of that Laboratory, to wliose 
interest this paper is largely due. 

Earlier stxu)tp:.s on seed germination 

Ever since the earliest days of botanical science seed germination has 
been studied, sometimes from the viewpoint of physiology but in most cases 
with regard to agricultural and horticultural practice, and the literature 
of this general subject is very extensive. Recent contributions on seed 
germination may be classified in two categories; (1) Studies undertaken 
chiefly with reference to seed testing, for comparing different lots of seed 
in regard to their various degrees of viability or germinative energy. To 
this group belongs the work of Harrington ( 8 ) and Wilson ( 27 ). (2) 

Studies on seed dormancy and on special treatments by which the dormant 
period may be shortened. Here belongs the work of Crocker ( 4 ), Atwood 
( 1 ), Harrington ( 9 ) and Morinaga ( 19 ). Most of the more recent studies 
are more satisfactory than earlier ones, but the interaction of the organism 
and its environment deserves more thorough attention than has been given 
to it. Experimentation on seed germination has generally dealt with the 
behavior of the organisms in relation to rather limited ranges of artificially 
controlled or measured experimental conditions and little attention has 
been paid to the other variables, which are of course influential along with 
the experimental ones. 
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Several contributions to our knowledge of this subject should be men- 
tioned here, attention being confined to the few papers that deal with 
germination from viewpoints more or less similar to that of the present 
study or that furnish information pertinent to the interpretation of the 
results to be reported in subsequent sections of this paper. In a study of 
optimal temperatures for seed germination, employing seeds of 18 different 
plant forms, a series of maintained temperatures and a number of different 
substrata, Harrington (8) ascertained the temperature and the length of 
time best suited for testing the viability of the kinds of seed studied. The 
results show how different kinds of seed differed in promptness of germina- 
tion and how different temperatures differed in their influence on different 
kinds of seed. These results are of course referred to the ranges of influ- 
ential conditions that were included in Harrington experiments, but it 
is impossible to gain a clear idea of his prevailing non-temperature condi- 
tions because these were not controlled in detail and their description 
could not be made as specific as would be necessary if these tests were to 
be repeated. 

Wilson (27) studied the germination of wheat seed on moist plaster- 
of-Paris plates at different maintained temperatures, continuing each test 
till no further increase in the number of germinated seeds w^as observed. 
The number of days required for the earliest and for the latest germination 
was recorded in each instance. Some of his resulting data are shown 
below, for five different maintained temperatures. 



1 1 

15° 

20° 

25° 

.30° 

Average germination percentage 

r ” ■' 

93.5 

90 

94 

90 

78 

Average no. of days required for earliest 
germination 

5 

4 

2.5 

2 

1 

Average no. of days required for latest 
germination 

11 

10 

i 

6.5 

4 

4 


Prom these data Wilson concluded that the optimal temperature for 
germination was 15°, because that temperature gave the highest average 
germination percentage at the end of the experiment. For 15° the final 
percentage was 96 and the period Avas 10 days, but nearly as high per- 
centage values were obtained at temperatures of 10° (93.5 per cent, 
in 11 days), 20° (94 per cent, in 6.5 days) and the final percentage 
for 25° was of the same order of magnitude (90 per cent, in 4 days). In 
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studying these results it is surely permissible to consider 93.5, 96 and 94 
as alike, and it seems clear that, when we consider the duration factor, 
20° must be regarded as much more nearly the general temperature 
optimum than 15°. At any rate, it is clear from the tabulation just pre- 
sented that any temperature between 10° and 25° might be expected to 
give nearly complete germination in a lot of seed like that used by Wilson. 

Morin AGA has recently reported a series of studies on germination (19, 
20 , 21 ) and those devoted to germination under water are of special interest 
in connection with the present report. In each of these water experiments 
the seeds were on the bottom of a 100-ml. Erlenmeyer flask filled with dis- 
tilled water and kept in a greenhouse at a temperature fluctuating between 
15° and 35°, the water being renewed every two weeks. A seed was con- 
sidered as having germinated as soon as the hypocotyl or plumule showed 
notable enlargement. Out of 78 plant forms tested, the seeds of 43 germi- 
nated under water and 18 of these showed no decided differences between 
germination in water and germination on wet filter-paper. For the re- 
maining 25 germination was more complete or more rapid on wet paper. 
Morina(3A reported that his wheat seed was unable to germinate under 
water, thus agreeing with similar results secured by Kraus, who found, 
according to Mobinaga, that his wheat seed did not develop under water 
farther than to the stage at which the coleoptile protruded. In some of 
Morinaoa^s experiments wheat seeds, as well as seeds of some other kinds 
that failed to germinate under water, were able to do so when nearly pure 
oxygen replaced the air above the water. This apparent influence of aera- 
tion in connection with seed germination under water is surely important. 

In one of Mobinaga \s studies (19) 10 samples of 10 seeds each of white 
clover were tested under water and a similar series of samples was tested 
on moist filter paper in Petri dishes, at maintained temperatures of 5°, 10°, 
15°, 22°, 27°, 32° and 38°. The germination percentages were recorded 
after 2, 6, and 10 days. The results show a number of remarkable things, 
some of which were pointed out by Morin ao A. When germinating under 
water the optimal temperature for this white-clover seed lay between 15° 
and 27° for all incubation periods studied, but the corresponding filter- 
paper tests gave a temperature oiitimum about 22° for a 2-day period and 
an optimal range of 10°--22° for the longer periods. There was thus a 
broadening of the optimal temperature range with longer time of incuba- 
tion when the seeds were on filter paper, a phenomenon apparently related 
to the shifting of the optimal temperature shown by Wilson data as well 
as by those of Haasis, which will be referred to later on. Had Mobinaga 
chosen more and shorter time intervals he would probably have obtained a 
notable downward shifting of the optimal temperature for his filter-paper 
cultures as the incubation period became longer. The minimal temperature 
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for germination, for both water and filter-paper cultures was about 5° for 
the 2-day period and for longer periods it was considerably lower. The 
maximal temperature for germination was not shown for any period with 
the seeds under water, being always well above 38°, but it was apparently 
not much above that temperature when the seeds were on wet filter paper. 
Furthermore, the rate at which Morinaga^s lot of white-clover seed germi- 
nated in water is much more rapid than the corresponding rate for cultures 
on filter paper. 

By studying the germination of seeds under water, Morinaga certainly 
advanced a great step beyond earlier workers in this field. His moisture 
and aeration conditions were thus much more definitely specified than is 
possible with other methods of treatment. Since his incubation periods 
were rather long it might have been better to renew the water oftener than 
at 2-week intervals, but each time the water is renewed in such cultures 
the seeds are rather thoroughly aerated for a short time. A continuous 
flow of the liquid medium might be valuable in such experiments, if it 
could be arranged, and that might care for the maintenance of aeration 
conditions as well as of other solution characteristics. 

Morinaga suggested that the differences which he observed between 
germination in distilled water and on wet paper might be related to oxygen 
supply and the accumulation of toxic products of respiration. Such pro- 
ducts might not accumulate so much in seeds surrounded by liquid medium 
as in seeds on wet paper; for the liquid medium acts to remove excreted 
material from the immediate surroundings. The so-called poison action of 
distilled water may perhaps deserve consideration in this connection. It 
has been studied by many writers, among them Locke ( 16 ), Ringer ( 23 ), 
OsTERiiouT ( 22 ), Livingston, et al. ( 14 ), True ( 26 ), Merrill ( 18 ) and 
Gerioke (6). There seems to be no doubt that a weak nutrient solution is, 
in general, more satisfactory as culture medium than distilled water is. 
Distilled water is never quite pure and it may influence an organism in 
contact with it by supplying the absorbing cells with influential ions or 
'molecules in extreme dilution, as Cu or Zn or organic substances that distill 
'with steam. This possibility is diflScult to avoid. Distilled water also 
differs from a nutrient solution in that it furnishes no considerable diffusion 
tension of the essential inorganic ions and therefore generally permits more 
loss of substances from the organism than would occur if a good nutrient 
solution were employed. Finally, ions and molecules leached from the 
absorbing cells may accumulate in the medium and, wdth or without modi- 
fication, these may subsequently exert considerable influences upon the 
organism. Leaching appears to occur more rapidly when seeds are under 
distilled water than when they are under a fairly well balanced nutrient 
solution. 
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Haasis (7) studied the germination of seeds of several species of 
coniferous tree with special reference to the influence of incubation tem- 
perature and length of the incubation period. He emphasized the impor- 
tance of defining or specifying all the influential background conditions of 
an experiment, although these do not enter directly into consideration as 
experimental variables. He also emphasized in a new way the importance 
of tlie time factor in physiological processes. His results with pitch pine 
seed are specially interesting in the present connection. Employing an 
extensive series of maintained temperatures ranging from 16® to 57® and 
incubation periods ranging in length from 6 or 7 hours to 14 days, he 
observed that the optimal temperature for the germination of his pitch pine 
seed shifted from about 47® (for a 1-day period) to about 23° (for a 10-day 
period) apparently remaining unchanged for more prolonged incubation. 
With incubation periods of intermediate length there was evidence of two 
very different optimal temperatures, one at about 31® and the other at 
about 43°. This important observation w^ould have escaped attention had 
the incubation periods of about 2 or 3 days been omitted from the plan of 
Haasis ’ s study. The same writer also emphasized for the first time the 
possibility of using a series of different germination treatments for the 
purpose of defining and sorting out several physiologically different classes 
of seeds from a given lot. Haasis^s technique did not allow very definite 
specification with regard to moisture and aeration conditions. All of his 
seeds were treated with hydroxy-mercuri-chloro-phenol (‘‘semesan’^) to 
avoid mold growth. His experimentation w’as unusually well planned and 
his data for pitch jiine seed are excejitionally complete and generally very 
consistent. Many interesting points are brought out in his discussion. 

Methods and procedure 

The MAINTAINED TEMPERATURES 

For maintaining the desired temperatures the series of seven chambers 
described by Livingston and Fawcett (15) was employed. The apparatus 
stands in one of the greenhouse rooms of the Laboratory of Plant Physi- 
ology of the Johns Hopkins University. The chambers are vertical cylin- 
ders 28 cm. in diameter and 43 cm. high, each with a water jacket and a 
stirrer to keep the water in slow rotation. The whole series is well insulated 
from the outside air by means of packed ox hair and wood and each 
chamber has a removable lid made of wood and cork. Adjacent water 
jackets are separated from each other by vertical partitions of galvanized 
and asphalted sheet iron. Water does not move from one jacket to the 
next but heat is transferred through the partitions being supplied at one 
end of the series by means of a thermostatically controlled electric heater 
and removed at the other end by means of an electrically driven and auto- 
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matically controlled mechanical refrigeration machine. A thermal gradient 
is thus maintained between the two ends of the series and each of the seven 
chambers has its own maintained temperature, which fluctuated, in the 
present study, within a range of about plus or minus 3° C. Proceeding 
from the warm to the cool end of the row, each chamber is cooler than the 
next succeeding one. By suitable adjustment of the heating and refrigera- 
tion controls different series of maintained temperatures may be secured. 
For this study the temperatures employed were 12°, 19°, 24°, 30°, 35°, 40° 
and 45° C. The continuous, slow rotation of the jacket w^ater around each 
chamber gives to all sides of the chamber practically the same temperature ; 
the lower part of the air mass enclosed in a chamber w^as found to be gen- 
erally a little cooler than the upper part but the difference between bottom 
and top was not over 2°. The culture flasks stood upright at the bottom 
of the chambers, all at the same level, accompanied by a thermometer or a 
thermograph, as space allow^ed. 

Germination flasks and accessories 

Erlenmeyer flasks, of ‘‘Pyrex chemically resistant glass 15 cm. high 
and with bases 9 cm. in diameter, w^ere used in these germination tests, each 
flask containing 100 ml. of nutrient solution. The solution was 2.3 cm. 
deep and the diameter of its circular free surface was 8.5 cm., where it was 
in contact with the air. For the tests with flow ing air each flask w^as closed 
by means of a 2-h()le rubber stopper bearing an inlet and an outlet tube 
(inner diameter, about 5 mm.), the inlet extending downward nearly to 
the flask bottom wdiile the outlet terminated just below the stopper. Three 
centimeters above the stopper each tube w^as bent at a right angle, with the 
horizontal arm 3 cm. long. In operation, each inlet tube w^as joined to the 
air-supply tube from its own w^ash bottle (in the same chamber wdth the 
germination flask) and all outlet tubes were joined to a line of tubing lead- 
ing to an aspirator. All tubing w^as of glass, with short couplings of rubber 
tubing. In most of the experiments air from the greenhouse was continu- 
ously bubbled through the nutrient solution in each germination flask. At 
the end of each test the germination flasks were w ashed w ith cleaning fluid, 
thoroughly rinsed wdth distilled w^ater and allowed to dry by draining 
before being used again. 

Aeration of cultures 

For each germination flask wdth air flow- there w^ere two wash bottles of 
water, so connected that the air stream entering the flask had bubbled 
through them in series. The first of these (outside of the chamber) was a 
200-ml. bottle provided with rubber stopper and twx) tubes, for inlet and 
outlet. The inlet tube opened into the greenhouse and the outlet led to 
the second wash bottle (inside the chamber). The latter was a 1-quart 
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^ ‘ Mason jar, with rubber stopper bearing inlet tube and outlet tube, the 
inlet leading from the first wash bottle while the outlet led to the flask. 
The first of these bottles was half filled with water and served primarily 
as a telltale, used in ascertaining from time to time the rate of air flow in 
terms of the rate of bubbling ; it also served to increase the humidity of the 
air stream while the latter was still at greenhouse temperature. The 
second wash bottle (within the chamber) was about half full of water, at 
the maintained temperature of its chamber. This bottle served to bring 
the air stream to the desired temperature before it reached the germination 
flask. The air entering the flask was found always to have the temperature 
of the chamber in which the flask stood, even with the most rapid rate of 
air flow used and with the lowest and highest temperatures employed. In 
passing through the second wash bottle the flowing air was automatically 
brought to approximate vapor-pressure equilibrium with the dilute nutrient 
solution in the flask, so that evaporation or condensation in the flask was 
at a minimum. 

The tube leading from each flask was provided with a special orifice, 
just outside the temperature chamber, for the controlled application of 
suction from the suction tank — on the principle that rate of gas flow is 
determined by pressure gradient and orifice resistance. This device was 
similar to the one used by Hutchins (10) for a like purpose, consisting 
of a plug of cotton wool and pulverized kaolin suitabily packed in a 
slightly conical tube. Each plug was adjusted, by the proper degree of 
packing, to give the desired rate of flow with the suction employed. To 
prevent excessive condensation of water in the plug, which might increase 
its resistance to air flow, Hutchins kept the plug temperature alw^ays 
somewhat higher than that of the entering gas, but the same end was 
attained in the present experiments by means of a drying tube with calcium 
chloride, inserted between flask and plug inside the chamber. Five differ- 
ent orifice settings were used, with air-flow rates of about 1, 3, 6, 15 and 
30 liters per day, or 40, 125, 250, 625 and 1250 ml. per hour. The corre- 
sponding numbers of bubbles passing through the telltales were 4, 12, 24, 
60 and 120 per minute. The orifices were nearly alike for all flasks in 
the same experiment and tlie rates of bubbling in the flasks were similar 
to those shown by their respective telltales. The discharge tubes all led 
out of the temperature chambers to the suction tank, a 5-gallon bottle with 
rubber stopper, inlet tube and outlet tube, the latter leading to a ‘‘Cenco- 
Harrington^’ filter pump attached to the greenhouse water supply. 

The nutrient solution used was of very low vapor pressure, its osmotic 
value being about 1 atmosphere for 20®, and neither condensation nor 
evaporation of water was observed to have occurred in any of the flasks, 
even at the end of the longest experiment period and with the most rapid 
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rate of air flow and the highest and lowest temperatures employed. This 
indicates that the second wash bottle in the air line leading to each flask 
operated effectively as both temperature and humidity control for the air 
stream. The surface level of the solution in the flasks was consequently 
always about the same (about 2.3 cm. above the flask bottom) and the sub- 
merged seeds were alw^ays at practically the same depth. The volume of 
solution around and above the seeds altered slightly, of course, through 
absorption and swelling, but w^ater absorption and swelling by such seeds 
as wheat are almost equal in respect to volume. It is interesting to note 
that a hundred seeds had absorbed about 2.5 ml. of water when swelling 
was complete and that the volume of a swollen seed was about twice as 
great as its original volume before soaking. The total volume of seeds and 
water decreased by about 0.4 ml. in the first 24 hrs. of soaking. There w^ere 
apparently some very small gas-filled spaces in the dry seeds, wiiich became 
filled with water as soaking and swelling proceeded. 

The air stream continuously supplied oxygen to the solution across the 
bubble surfaces and the free surface of the liquid. Across these same 
surfaces it continuously removed carbon dioxide and any other volatile 
substances that may have escaped from the seeds. Also, the mechanical 
action of the bubbles kept the solution in circulation above the seeds and 
around them and the rate of stirring was determined by the rate of 
bubbling. It is of course impossible to study these three effects of the 
bubbling gas stream separatelj’^ without elaborate technique, but they need 
to be borne in mind in connection with all experiments with air flow. 

Cultures without air flow 

Besides the cultures that were artifically aerated by means of the air 
stream, there were also corresponding cultures without artificial aeration. 
For these the procedure was the same as that just described excepting that 
the flask stoppers were without tubes. Aeration of the solution was limited 
to such interchange between flask and chamber as might take place through 
the two perforations in the stopper and such very slow mixing or stirring 
of the solution as might be due to natural convection. 

The nutrient solution and its use 

The culture medium used throughout these experiments was a 3-salt 
nutrient solution of a type used extensively by Skive ( 24 ), being solution 
E 3.3, S 3.3 of type I, as described in the ^'Plan^’ of the Committee on 
the Salt Eequirements of Plants, of the U. S. National Research Council 
( 13 ), with equimolar partial concentrations of the three salts and a total 
osmotic value of about 1 atmosphere at 20°. It contained per liter 0.0084 
gram-mol. of each of the salts, KH 2 PO 4 , Ca(N 03 ) 2 , and MgS 04 . No iron 
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was added. The salts used were of the Baker Chemical Company’s ‘^C.P., 
analyzed” grade. The water used was derived from a Barnstead still. 

Single-salt stock solutions were prepared in a way similar to that fol- 
lowed by Shive, enough of each being prepared at the start to last through- 
out the whole study. The concentrations of the three stock solutions were: 
KH2PO4, 0.59 molar; Ca(N08)2, 1.17 molar; MgS 04 , 1.01 molar. 

Slight turbidity appeared in the KH2PO4 solution as originally made up 
and this was removed by filtering, the final concentration of the solution 
being ascertained by evaporating a sample to dryness, igniting the residue 
and weighing the latter as KPO3 — as recommended by Treadwell and 
Hall (26, p. 612). The concentration of the Ca(N03)2 solution was ascer- 
tained gravimetrically, by precipitating the calcium of a sample as oxalate, 
igniting the latter and weighing it as CaO — as recommended by the authors 
just mentioned (25, p. 81). The MgS04 solution was based on the weight 
of salt used, considering it as MgS04 ♦ THoO, and no analysis of that solu- 
tion was made. From the three single-salt solutions supplies of the 3-salt 
nutrient solution were made up in the usual way, as needed. 

The nutrient solution must have altered considerably during an experi- 
ment period and it was presumably very different at the end from what 
it was at the start. Changes must have been brought about through ab- 
sorption of water and salts by the seeds and through exudation of mate- 
rial from the seeds. After 24 hours at the highest temperatures used the 
culture solutions were noticeably turbid. The kind and amount of alter- 
ation that occurred in any flask must have been somehow a function of the 
combination of the variables involved, which were by nature more or less 
interdependent, and any attempt to study the nature and course of such 
solution changes adequately would be difficult. 

The seeds used and their preliminary treatment 

The wheat seeds used in this study were of the “Nittany” variety, 
from a supply received from the Pennsylvania Agricultural Experiment 
Station in the fall of 1928. Some ot* this same stock had been used in 
Mack's study (17) of carbon-dioxide production and growth by young 
seedlings. No evidence has been encountered to suggest the occurrence of 
any alteration in the physiological characteristics of this lot of seed between 
the time it w^as received and the conclusion of the present study in the 
spring of 1930. It is therefore probably safe to suppose that Mack’s re- 
sults and those of the present study are comparable with respect to the 
characteristics of the seed used. The supply was stored in a burlap sack 
in an attic room, with temperature between 20° and about 25°. In Septem- 
ber, 1929, weevils appeared and the entire supply was treated at that time 
with carbon-disulphide vapor, after which no more weevils were observed. 
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Sample tests made before and after this treatment showed no influence of 
the treatment upon the subsequent behavior of the seeds; their viability 
was apparently not altered at all. 

The seeds for each experiment were selected with respect to specific 
gravity and general appearance just before they were introduced into the 
germination flasks. About 30 minutes before the start of an experiment 
approximately twice as many seeds as would be required (about 150 ml. of 
dry seeds) were placed in a glass pan 15 cm. in diameter and 3 cm. high 
and enough nutrient solution was added to just fill the pan. After vigorous 
stirring for a few seconds all floating seeds, comprising about 5 per cent, 
of the total number, were removed and the remaining seeds (those of 
greater specific gravity than the nutrient solution) were spread out on 
filter paper, from which they were counted out in 100-seed samples into 
100-ml. Florence flasks, as many flasks being used as there were samples. 
All broken or otherwise apparently unusual seeds were rejected. 

The selected seed samples were then transferred to the several germina- 
tion flasks in the maintained-temperature chambers. These flasks had been 
prepared about an hour earlier, charged with nutrient solution, distributed 
among the seven temperature chambers and made ready for starting the 
air streams. When the seeds were introduced, the nutrient solution in each 
germination flask had already attained the temperature of the chamber in 
which it stood and the seeds must have acquired that temperature very 
quickly after their introduction. It required only about a minute to set 
the stopper in each of the germination flasks and start the air stream. The 
seven cultures of an experiment were started one after another in the in- 
creasing order of their temperatures and about 2 minutes elapsed in each 
instance. Thus the culture in the second chamber was started 2 minutes 
later than the one in the first chamber, the culture in the third chamber 
was started 4 minutes later than the one in the first, and so on, the culture 
in the seventh chamber being started about 12 minutes later than that in 
the first. 

The experiment i^ekiods 

How many of the hundred seeds in any test were found to have germi- 
nated at the end of an experiment period must have depended in general 
on the length of the period as well as on the maintained temperature, the 
aeration treatment and the background conditions, the last-mentioned com- 
plex being initially alike for all experiments. The four different time 
periods employed in this study were 6, 12, 18 and 24 hours in length. 
The shorter periods were not simply observation intervals in the longest 
period but period length was treated as a definite experimental variable, 
there being a separate set of experiments for each of the four different 
periods. At the end of each experiment the germination flasks were re- 
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moved from the temperature chambers in the same order as that followed 
in starting the cultures. The solution was decanted and the seeds were 
spread out in a Petri dish, from which those that had germinated were 
counted to give the germination percentages. These operations required 
about 7 minutes in each instance; consequently the culture for 19° was 
observed about 7 minutes later than that for 12°, etc., and the culture 
for 45° was observed about 42 minutes later than that for 12°. It is 
evident that the actual experiment periods were not precisely the same 
for the different cultures of an experiment, the actual time being gen- 
erally a little longer than the schedule time, with the difference some- 
what greater for higher than for lower temperatures. In no instance, 
however, did the difference amount to more than about 30 minutes, and 
the nature of this study does not warrant the application of special cor- 
rections for these small discrepancies. 

It may be noted that earlier students of seed germination have gen- 
erally employed observation intervals as parts of a longer experiment 
period and that the method used in this study is comparatively new for 
this sort of investigation. The essential differences between these two 
methods of securing information on the influence exerted by the duration 
factor in studies of this kind deserves some attention. Let it be desired 
to secure experimental values for the germination percentage of a lot of 
seed for time periods of 6, 12, 18 and 24 hours, the environmental complex 
being considered as the same for all four durations, or at least for the be- 
ginnings of all tests. According to the usual procedure (as that followed 
in Haasis’s recent study, for instance) the cultures would all be continued 
for 24 hours, the number of seedlings produced at the end of 6, 12, 18 and 
24 hours being ascertained by observations at the ends of the several 6-hr. 
intervals. After the first, second and third observations the ungerminated 
seeds would be returned to the standard environmental complex for the 
next interval. The exposure for 12 hours would consequently have to be 
interrupted at the end of the sixth hour, the exposure for 18 hours w^ould 
have to be interrupted at the end of the sixth hour and at the end of the 
twelfth, and the 24-hour exposure would have to be interrupted three times, 
at the ends of the sixth, twelfth and eighteenth hours. Such interruptions 
should introduce corresponding fluctuations in the environmental complex, 
which usually can not be satisfactorily maintained through the short time 
periods requisite for observation, and these environmental fluctuations are 
apt to be very difficult to measure and to take into account when the ex- 
perimental results come to be compared and interpreted. Common prac- 
tice has been to regard the possible influence of these fluctuations as negli- 
gible, which is scarcely permissible unless suitable preliminary tests have 
shown this supposition to be legitimate. 
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When duration is treated simply as one of the experimental variables, 
as was done in these experiments, no interruption of exposure needs to be 
introduced. No culture is disturbed till the end of its own test period and 
observations are made only when tests have been completed. So the en- 
vironmental complex is maintained throughout the experiment period with- 
out any fluctuation due to observations, though of course it may fluctuate 
more or less for other reasons, just as it does between times of observation 
when the method of intervals is employed. In the present study the rela- 
tions between duration of exposure and a given set of environmental fea- 
tures are shown by the beliavior of four different seed samples, a separate 
sample of 100 selected seeds being used for eacli of the four different ex- 
posure periods. On the other hand, the commonly used method of obser- 
vation intervals and interrupted exposures does allow the same individual 
sample of seed to be exposed for all of the different periods considered, an 
advantage that is not offered by the procedure followed in this study. 
Various features of experimental technique, as well as the pertinent logical 
considerations, will naturally need to be taken into account when it is to 
be decided which of these two methods for dealing with the duration factor 
is to be employed for a projected series of experiments. 

The criteria of germination and the germination percentages 

For the purposes of this study a seed vras considered to have germinated 
when the white coleoptile became visible through rupture of the seed-coat. 
This is the earliest stage of germination that can be readily and definitely 
recognized by ordinary ocular observation. At the end of each experiment 
each culture of 100 seeds was examined, as has been said, to ascertain how 
many seeds had attained this stage, including those that had progressed 
somewhat farther, and that number was taken as the germination percent- 
age. Each test was repeated four times and each of the final germination- 
percentage values is the average of five values derived from as many like 
tests. 

The average germination percentage for any particular environmental- 
durational complex indicates, of course, approximately what fraction of the 
number of seeds actually tested were capable of germinating with the 
specified complex. For example, this lot of wheat seed was of such nature 
that 33 per cent, of the selected seeds germinated, on the average, in 12 
hours if submerged for that period under about 2 cm. of the standard 
nutrient solution aerated by an air flow of 1 liter per day and maintained 
at a temperature of 30°. No other one of the 168 different treatments tested 
gave this index value and only two treatments gave corresponding index 
values having magnitudes between 29 and 37, inclusive. Such physiological 
characteristics of a lot of seed may well be as valuable as other character- 
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i sties that have been employed in describing lots of seed, such as average 
size, average weight, average starch percentage, etc. If a lot of seed is to 
be described in terms of viability (that is, capacity to produce seedlings) 
physiological indices of this sort will surely prove to be not only useful but 
in many instances quite essential. The results of this study actually fur- 
nish 168 different viability indices for the lot of seed used, based on as many 
different treatments or environmental-durational complexes. 

It is of course also true, in a sort of converse way, that the average 
germination percentages resulting from a consistent and adequately inclu- 
sive set of tests are efficiency indices of the several environmental-durational 
complexes to which they correspond ; any result of measurement defines both 
the thing measured and the measuring device, the former with reference to 
the device and the latter with reference to the thing measured. One of the 
aims of this study was to find out how the lot of seed used would behave or 
perform with reference to a series of treatments but another aim was to find 
out what eacli of the several treatments would do to representative samples 
of this lot of seed. Either aspect implies the other. The average percent- 
age values are consequently to be regarded as approximate measurements of 
the capacity or capability of this lot of seed to produce seedlings and at the 
same time they are approximate measurements of the capacities of the 
several environmental-durational complexes to permit or call forth the pro- 
duction of seedlings from samples of this lot of seed. In short, we enquire, 
wiiat can this lot of seed do aqd what can these complexes do? 

As to the significance of the average germination percentages, these refer, 
of course, to the lot of seed used in this study and to no other lot. Other 
lots of the same variety or of other varieties might be expected to exhibit 
different kinds of germination performance. The several averages also 
refer to the corresponding treatments, as has just been mentioned. With 
another nutrient solution, wdth other maintained temperatures than were 
actually tested, or with other aeration procedures, this lot of seed or any 
other lot of seed might have performed very differently. 

IIow^ nearly the several 100-seed samples tested may have represented 
the stock of seed dealt with and how nearly alike the several samples were 
among themselves, are important questions best answ^ered by a study of the 
consistency of the whole system of numerical results. The average percent- 
ages would of course have been somewhat more nearly representative of 
the lot of seed from which the samples were taken if the tests had been 
repeated a greater number of times or if each sample had included a larger 
number of individual seeds. The numerical values show that there W’as con- 
siderable variability among the five supposedly like tests, which may indi- 
cate either effective degrees of difference between the environmental com- 
plexes for the five tests or effective differences between the capacities of 
the five 100-seed samples; or both sorts of differences may have occurred 
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together, which is not unlikely. An examination of the average percentage 
values leads to the conclusioii that they are in general remarkably consistent 
and that the forms of their graphs would not have been very different if 
more than five tests of a kind had been made or if more than a hundred 
seeds had been employed in each test. 

If any reader is inclined to apply statistical methods to the average 
germination percentages the way is clear, for all the values are given in 
table I. It does not appear, however, that anything would be gained by 
such treatment of these data and the following discussions will be based 
on the general consistency of the averages, which is generally of a relatively 
high degree for such studies as this. 


General plan op the experiments 

It was planned to cover uniformly a definite range of environmental 
conditions and the entire series of experiments involved tests of all possible 
combinations of the 7 temperatures, the 6 sets of aeration conditions and 
the 4 period lengths. Each experiment included just 7 cultures, one for 
each temperature employed but all with the same aeration treatment and 
the same period of incubation. The entire series of experiments involved 
altogether 168 different tests, each with 100 seeds that had been selected by 
observation and with respect to specific gravity, as has been noted. Each 
of the 168 tests was made five times, making a total of 840 tests. The earlier 
experiments were conducted singly but in the latter part of the study two 
experiments were conducted simultaneously. There were no indications 
leading to any suspicion that the lot of seed used altered in any sensible 
way during the term of the present study, and the general consistency of 
the results indicates that the experimental technique was equally satisfac- 
tory for all experiments. As a matter of record, the dates of the routine 
experiments are added here. 


No air flow 
Flow of 30 1. per day 
Flow of 3 1. per day 
Flow of 15 1. per day 
Flow of 6 1. per day 
Flow of 1 1. per day. 


.. Aug. 30-Scpt. 10; Oct. 8-14, 1929. 
..Aug. 30-8ept. 10; Oct. 2-13, 1929. 
Oct. 13-Oct. 29, 1929. 

... Oct. 30-Nov. 11, 1929. 

. Nov. 12-Nov. 21, 1929. 

.Nov. 23-Dec. 2, 1929. 


Besides the routine tests thus far described some special experiments 
were performed to gain information on questions that arose as the regular 
numerical results accumulated. A few of these will receive some attention 
after the routine experiments have been discussed. 


Results of routine experiments 

The average percentages and the primary graphs 

All the percentage values from the routine experiments are presented in 
table I. The four main vertical sections of the table correspond to the four 
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periods used and the six horizontal sections represent the different aeration 
treatments. Each g:roup of 35 values thus represents a single experiment 
performed five times. For each time an experiment was performed there 
are 7 percentage values, corresponding to the seven different maintained 
temperatures. The minimum and the maximum in each horizontal series 
of five values from like tests are in italics and the average of each five cor- 
responding values is shown in boldface type. There are 168 of these aver- 
ages. The highest average for each experiment is marked by an asterisk. 
Of course the temperature corresponding to this highest average represents 
about the optimal temperature for seedling production in the experiment 
in question. For some experiments there are two highest averages, of the 
same magnitude, which of course implies that the optimal temperature for 
that experiment may be considered as lying somewhere between the two 
temperatures thus indicated, or else slightly below the lower one or slightly 
above the higher one. 

It may be noted that most low percentage values may be considered as 
relatively less precise than high ones. To be counted as germinated at the 
end of any test a seed must have burst its seedcoat, though some additional 
growth may have occurred. At the end of an 18-hr. or 24-hr. period with 
good conditions for germination many seedlings had elongated consider- 
ably, i.e., their seeds had passed the critical moment of bursting the seed- 
coats. But no account is taken in table I of this over-growth, since when- 
ever over-growth occurred there are data for one or more shorter periods. 
Thus, for example, the average percentage value of 67 for 30®, 3 1. and 24 
hr. obviously includes the seeds that had germinated in the 18-hr., 12-hr. 
and 6-hr. periods. But the value (16) for the 6-hr. period under these 
conditions represents no considerable over-growth. Such considerations are 
clearly cared for if 6-hr. increments of the average percentages are com- 
puted by subtraction and that mode of presentation will be employed below 
(table IT). 

On the other hand, at the end of any period a seed might not yet have 
burst its seedcoat, being consequently counted as ungerminated, but the 
processes leading to germination might have progressed very far; such a 
seed might have been recorded as germinated if the period had been an hour 
or two longer. As the percentage value is higher there is less probability 
of nearly-germinated seeds, since the maximum possible value in any case 
can not be above 100. In any case this lack of precision can never amount 
to more than a few units of the average percentage value. Furthermore, it 
is not to be considered at all in instances where the next longer period 
showed no increase; for example, the value 27, for 35®, 3 1. and 18 hr. can 
not lack precision in this respect because the corresponding 24-hr. period 
shows exactly the same average percentage as is shown by this 18-hr. period. 
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It is at once apparent from table I that, within the ranges dealt with, 
all three experimental variables (maintained temperature, aeration treat- 
ment and duration of incubation) were influential in determining the per- 
centages and their averages. The lowest germination percentages corre- 
spond to environmental complexes that had either low or high temperatures, 
low degrees of aeration or short periods, or two of these features or all three 
of them together. The actual minimum percentage is 1 (for the third test 
of 12® without air flow and with a 6-hr. incubation period) and the lowest 
average percentage is 3 (for 12®, 6 hr. and air flow of 30 1.). Averages be- 
low 5 represent all the 6-hr. tests with 12® and all other tests have averages 
of 5 or above. Averages of 10 or below may be taken as representing the 
least efficient environmental complexes studied. These are confined to the 
following combinations: All 6-hr. tests with 12° and all 12-hr. tests with 
that temperature, excepting the one with air flow of 30 1. (which gave an 
average of only 12) ; all 6-hr. tests with 19® ; all tests with 24® and without 
air flow or with air flow of 1 1. or 30 1. ; and all 6-hr., 12-hr., 18-hr. and 
24-hr. tests with 45® and without air flow or with air flow of 1 1. 

The highest germination percentages correspond to combinations of 
24® or 30® with 18-hr. or 24-hr. periods and air flow of 6 1., 15 1., or 30 1. 
Average values above 90 are confined to the 24-hr. tests with 24® and air 
flow of 6 1., 15 1., or 30 1., and with 30® and air flow of 30 1. 

The temperature graphs 

Many details concerning the relations of the various environmental com- 
binations included in this study are most readily brought out by means of 
graphs. The average percentages shown in boldface type in table I may be 
plotted in many ways, only a few of which will be considered in detail 
here. Attention will be confined to the graphs on which the percentages 
are plotted as ordinates. These are of three sorts: (A) those on which tem- 
perature values are abscissas (24 graphs), (B) those on which aeration 
indices are abscissas (28 graphs) and (C) those on which the time indices 
are abscissas (42 graphs). Each of these three groups of graphs may be 
arranged for convenient study in two ways. For the first group the 24 
temperature graphs may be arranged (A 1) in 6 sheaves of 4 graphs each, 
every sheaf representing a single aeration treatment while each individual 
graph represents a single length of incubation period ; or they may be ar- 
ranged (A 2) in 4 sheaves (for the incubation periods) of 6 graphs each 
(for the aeration treatments). The 28 aeration graphs may be assembled 
(B 1) in 7 sheaves (for the temperatures) of 4 graphs each (for the times 
of incubation), or (B 2) in 4 sheaves (times of incubation) of 7 graphs 
each (temperatures). In like manner the 42 duration graphs may be as- 
sembled (Cl) in 7 sheaves (temperatures) of 6 graphs each (aeration treat- 
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ments) or (C 2) in 6 sheaves (aeration treatments) of 7 graphs each (tem- 
peratures). All of these sets of graphs may be readily constructed from 
the data given in table I. A few of them are presented here, in figures 1-4. 

Figure 1 gives representative samples of arrangement A 1. Three of 
the six sheaves are shown, for cultures without air flow and with air flow of 
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1 1. and 15 1. per day. Each sheaf comprises four individual graphs, one 
for each of the four incubation periods. 



Fig. 2. Representative temperature graphs of germination percentage grouped accord- 
ing to length of incubation period. (‘‘Percentage germination” 
should be germination percentage.) 


Figure 2 presents arrangement A 2, with four sheaves, one for each 
incubation period. For the sake of clearness one or more graphs are 
omitted from each sheaf but the general relations are adequately shown. 

Some features brought out by these temperature graphs will now be 
mentioned, reference being made to table I and figures 1 and 2. It is seen 
that the form of the temperature graph differs markedly according to 
period length and aeration treatment. All of the 24 graphs agree, as would 
be expected, in showing relatively low percentage values for 12^^ and for 
45°, with relatively higher values for the intervening temperatures. No 
minimal nor maximal temperature for germination is shown but the per- 
centages for all tests with 6-hr. period and a temperature of 12° closely 
approach zero, which suggests that the minimal temperature for germination 
in 6 hours must have been not far below 12°. For the longer incubation 
periods the percentages for 12° are progressively higher (for the 24-hr. 
period, more divergent) and it is suggested that the corresponding minimal 
temperatures may have been increasingly below 12° with progressively 
more vigorous aerations as well as with progressively longer periods. The 
temperature minimum for seedling production by this lot of wheat seed 
may consequently be said to have been more or less below 12° for all tests, 
probably farther below that temperature for the tests with longer periods, 
especially with the more vigorous aeration treatments. For ready com- 
parison, all the average percentages for 12° are shown on page 227. 

For the few seeds that germinated at 12° in 6 hr. the aeration differences 
were apparently without influence, but for those that germinated in longer 
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For 6-hr. 
PHSEIOD, 12® 

Fob 12-hb. 
period, 12® 

Fob 18-hb. 
PERIOD, 12® 

For 24.hr. 
PERIOD, 12® 

No flow 

4 

7 

12 

13 

1-1. flow 

4 

9 

11 

15 

3-1. flow 

4 

8 

12 

19 

6-1. flow , . . .. 

4 

8 

17 

25 

15-1. flow 

4 

9 

14 

29 

30-1. flow 

3 

12 

I 

29 


periods tlie more vigorous aeration treatments gave appreciably higher per- 
centages. For each aeration treatment the longer the period of incubation 
the higher is the germination percentage, as would be expected. But the 
highest germination percentage obtained for 12° was only 29 (for 24 hr. 
and air flow of 15 1. and 30 1.). It is apparent that no considerably higher 
percentages than those given would have been obtained for a temperature 
of 12° combined with any one of these four incubation periods if the air 
flow had been still more rapid. But it is highly probable that any 24-hr. 
value for 12° would have been notably surpassed with any one of these 
aeration treatments if the incubation period had been sufficiently longer 
than 24.hr. 

Turning to the germination percentages shown for the highest tempera- 
ture employed (45°), all four periods gave the same percentage of germina- 
tion with all aeration treatments, which indicates that no additional seeds 
germinated at 45° after the first 6 hr. of incubation, no matter what aeration 
treatment was employed. It is not likely that a period longer than 24 hr. 
would have given any additional germination with this temperature for 
any aeration treatment in the range of treatments studied. This tempera- 
ture was surely supra-optiraal and consequently probably increasingly 
injurious as time elapsed ; those seeds that could germinate quickly under 
these conditions might do so but those that were delayed more than 6 hr. 
were unable to germinate at all. This thought is the same as was suggested 
by Haasis (7) for a similar state of affairs with his conifer seeds. Although 
differences in period length did not influence the germination percentage 
for 45° with any aeration treatment tested, as has just been noted, it is 
remarkable that the percentage value for this highest temperature combined 
with any length of period is higher for air flows of 3 1., 6 1., 15 1. or 30 1. 
than for no flow or for a flow of only 1 1. per day. All the percentage 
values for 45° are shown on the following page, for comparison among 
themselves and with those for 12°, given above. 

It is indicated that the maximal temperature for germination of this lot 
of seed was always considerably above 45°, apparently somewhat farther 
above that temperature with air flow of 3 1. or more but apparently not 
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For 6-hr. 
PERIOD, 45® 

For 12-hr, 
PERIOD, 45® 

For 18-hr. 
PERIOD, 45® 

For 24-hr. 
PERIOD, 45® 

No flow 

9 

9 

9 

9 

1-1. flow 

8 

8 

8 

8 

3-1. flow 

13 

13 

13 

13 

6-1. flow 

14 

14 

14 

15 

15-1. flow 

15 

15 

15 

15 

30-1. flow , 

15 

15 

15 

15 


any higher, for any aeration treatment, with an incubation period of 12, 18 
or 24 hr. than with a period of only 6 hr. 

With regard to the intermediate temperatures tested (19°, 24°, 30°, 
35°, and 40°), all the temperature graphs have the usual form, with a 
generally well defined graph maximum, the abscissa of which is to be taken 
as about the temperature optimum in each instance. For any aeration 
treatment this maximum is always progressively greater with longer periods 
(fig. 1), as might be expected, and it is generally greater for more vigorous 
than for less vigorous aeration (fig. 2). The lowest value of this graph 
maximum is 13 or 14 per cent, (for 6 hr. and 35°, with no flow or a flow 
of 1 1. per day) and its highest value is 92 or 95 per cent, (for 24 hr. and 
24°, with air flow of 15 1. or 30 1. per day). The values for all temperature- 
graph maxima (maximal ordinates) are shown below, the corresponding 
abscissa value (about the optimal temperature) being shown in parenthesis 
in each case. 



Graph 

MAXIMUM 

FOR 6-hr. 
PERIOD 

Graph 

MAXIMUM 

FOR 12-hr. 
period 

Graph 

MAXIMUM 

FOR 18-iir. 
PERIOD 

Graph 

MAXIMUM 
FOR 24-hr. 
PERIOD 

No flow 

14 (35®) 

15 (30”, SS®) 

22 (30®) 

30 (30°) 

1-1. flow 

13 (35°) 

33 (30®) 

*61 (24°) 

*85 (24°) 

3-1. flow 

17 (30®, 35®) 

37 (30®) 

*52 (30°) 

*69 (24°) 

6-1. flow . .. 

19 (30®) 

58 (30®) 

78 (24°) 

92 (24°) 

15-1. flow 

20 (35®, 40®) 

60 (30®) 

83 (24®, 30°) 

95 (24°) 

30-1. flow 

19 (35®, 40®) 

74 (30®) 

86 (30°) 

95 (24°) 


As to the general relation of aeration treatment to the maximal per- 
centage value for any length of period, there are four exceptions to the 
statement that the maximum is greater for more vigorous than for less 
vigorous aeration: (1) the 6-hr. maximum for a flow of 11. (13 per cent.) 
is not greater than that for no air flow (14 per cent.) ; (2) the 6-hr. maxi- 
mum for a 30-1. flow (19 per cent.) is not greater than that for a 15-1. flow 
(20 per cent.) ; (3) the 18-hr. maximum for a 3-1. flow (52 per cent.) is 
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clearly smaller than that for a 1-1. flow (61 per cent.) ; and (4) the 24-hr. 
maximum for a 3-1. flow (69 per cent.) is much smaller than that for a 1-1. 
flow (85 per cent.). The first two of these exceptions may be regarded as 
not significant but the last two appear to be worthy of careful consideration 
and their values are marked with asterisks in the above tabulation. They 
will be reverted to later. 

One of the most striking features of the temperature relations here in 
question is the regression of the optimal temperature with increasing length 
of the incubation period, for any aeration treatment (fig. 1). It is not 
quite regular, but there appears to be no doubt of its significance. Other 
conditions being nearly alike, the optimal temperature for the production 
of seedlings by this lot of seed is generally lower for longer incubation. If 
the whole range of period lengths dealt with is considered there are no 
exceptions to this and the total regression is from about 30® or 35® (or even 
higher) to about 24°. 

A similar regression of the optimal temperature for germination was 
reported by Haasis for his conifer seeds. In some cases, as has been said, 
he found also a double temperature optimum when the length of the incuba- 
tion period was properly chosen, other influences being the same and favor- 
able to germination, but no indication of a double temperature optimum 
(bimodal temperature curve) was observed in the present study. 

A change in temperature optimum with lapse of time is apparently 
generally characteristic of grovdh rates, as has been pointed out by Lbhen- 
BAUER (11), Talma (quoted by Benecke-Jost, 2, p. 37), Fawcett (6) and 
Gericke (6) ; but it does not appear to have been emphasized for germina- 
tion percentage (which is of course fundamentally different from growth 
rate) excepting by Haasis. The general question of growth retardation 
with the lapse of time, when temperature and other influences are main- 
tained, was discussed with characteristic acumen by P. P. Blackman (3). 

Temperature optima based on average hourly rates of 
seedling production 

To compute the average hourly rate of seedling production correspond- 
ing to the highest percentage value for each combination of aeration treat- 
ment and duration of incubation we divide each of the maximal per- 
centages by the length of the period that gave it. For example, 6 hr. of a 
6-1. air flow gave a maximal germination percentage of 19 (30°) and an 
average rate of 3.2 seedlings per hour ; 12 hr. of a 30-1. flow gave a maximal 
percentage of 74 (30°) and an average rate of 6.2 seedlings per hour; etc. 
The average hourly rate of maximal seedling production for all the com- 
binations of aeration treatment and duration are shown on page 230, with 
the corresponding temperatures in parenthesis. 
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Highest average 

HOURLY RATES 
FOR 6-hr. PERIOD 

Highest average 
hourly rates 
FOR 12-hr. period 

Highest average 

HOURLY RATES 
FOR 1 8-HR. PERIOD 

Highest average 

HOITRLY RATES 
FOR 24-hr. period 

No flow 

2.3 (35®) 

1.3(30°, 35°) 

1.2 (30°) 

1.3 (30°) 

I -1. flow 

2.2 (35®) 

2.8 (30®) 

3.4 (24°) 

3.5 (24®) 

3-1. flow 

2.8 (30®, 35®) 

3.1 (30°) 

2.9 (30°) : 

2.9 (24®) 

6*1. flow 

3.2 (30®) 

4.8 (30°) 

4.3 (24°) 

3.8 (24®) 

15-1. flow 

3.3 (35®, 40°) 

5.0 (30°) 

4.6 (24®, 30°) 1 

4.0 (24®) 

30-1. flow 

3.2 (35®, 40°) 

6.2 (30®) 

4.8(30®) 

4.0 (24®) 


It is seen that this highest average hourly rate was, for each period 
length, significantly greater with air flow of 6 1., 15 1. or 30 1. than wdth less 
vigorous aeration treatments and that for all period lengths excepting the 
shortest one it was significantly greater with air flow' of 1 1. or 3 1. than 
without any air flow'. Furthermore, with air flow’s of 6 1., 15 1. and 30 1., 
this index of efficiency has its greatest magnitude (4.8, 5.0, 6.2) for the 
12-hr. period and its least magnitude (3.2, 3.3, 3.2) for the 6-hr. period; 
but this magnitude is about the same (2.8, 3.1, 2.9, 2.9) for all four i)eriods 
with a flow of 3 1., w'hile it is greatest for the 18-hr. and 24-hr. periods 
(3.4, 3.5) with a flow' of 1 1. Without air flow' it is greatest (2.3) for the 
shortest period. 

With regard to average hourly rates the optimal combination of tem- 
perature, aeration treatment and time is shown as that for 30°, 30-1. flow 
and 12 hr., which environmental combination gave the hourly rate of 6.2. 
The next to the highest rate is 5.0 (for 30°, 15-1. flow, 12 hr.) and a rate of 
4.8 is shown alike for the combination 30°, 6-1. flow, 12 hr., and for the 
combination 30°, 30-1. flow* and 12 hr. The highest hourly rate shown for 
24° in any combination is very much lower than the ones for 30° ; it is 4.6 
for the combination of 24°, 15-1. flow', 18 hr., but this same rate is given 
for the combination 30°, 15-1. flow, 18 hr. and the highest 24°-rate not 
equalled or surpassed by some 30°-rate is only 4.3, for the combination 24°, 
6-1. flow, 18 hr. The optimal temperature for average hourly production 
of seedlings is clearly 30° and not 24°. 

The aeration graphs 

Figure 3 presents aeration graphs of germination percentage for the 
6-hr. and the 24-hr. incubation periods. They are representative of the 
group of 42 graphs previously referred to as B 2. The graphs for 12°, 19°, 
24°, and 30° are continuous lines and those for 35°, 40°, and 45° are broken 
lines. To save space, tw’o sections of this figure have been cut out, as is 
indicated, but all points of observation are shown. 

The percentage values for the 6-hr. period are all low and about all that 
can be said of them in general is that more vigorous aeration treatment for 
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any temperature usually shows somewhat higher percentages, up to an ait 
flow of 6 1. per day, while still more rapid rates of air flow show no signifi- 
cantly greater percentages. No influence of aeration treatment is evident 
for the 6-hr. period and 12®. For the 6-hr. period and 24® an optimal air 
flow appears as 15 1. per day and it is suggested that the 30-1. flow may 
have been supraoptimal for 30® and 35° as well as for 24®. For the 12-hr. 
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period (for which no graphs are shown) no optimal aeration treatment 
appears for 24° or 30®, and a flow of 30 1. per day gave percentages for the 
other temperatures just as high as were given for a flow of 6 1. For the 
18-hr. period (graphs not shown) the temperatures for which no aeration 
optimum was attained are 19° and 35®; the 6-1. flow gave as high values 
as the 30-1. flow for 40° and 45® and the 15-1. flow gave as high values as 
the 30-1. flow for 24° and 30®. 

The sheaf of graphs for the 24-hr. period (figure 3) deserves special 
attention. They are not very different from those for the 18-hr. period, 
which are not shown here. The average germination percentage is seen to 
be generally higher with more vigorous aeration, but for temperatures of 
40° and 45® this is not true for air flows more rapid than 6 1. per day, and 
for temperatures of 12° and 24® the percentage value for the 30-1. air flow 
is not greater than that for the 15-1. flow. The most consistently upward- 
sloping graphs are those for 19°, 30® and 35° and for these three tempera- 
tures some rate of air flow greater than 30 1. per day might have given a 
percentage value still higher than the highest one here shown. This sug- 
gests that, for these three temperatures, the optimal rate of air flow was 
not attained, though it appears to have been attained for 12°, 24°, 40° and 
45®, within the ranges of conditions here studied. The general air-flow 
optimum is seen to be the range from 6 1. to 30 1. and any more rapid flow 
could not have given a percentage much above 93 or 95, since these values 
closely approach the fixed limit of 100 per cent. 

The 24-hr. aeration graph for 24° is remarkable for an apparent sec- 
ondary minimal point for the 3-1. air flow, which has been mentioned above. 
This kind of irregularity is definitely shown only for 24 hr., 3 1. (fig. 3) 
and for 18 hr., 24°, 3 1., but it is suggested by the forms of the graphs for 
24 hr., 19°, 3 1., for 18 hr., 19®, 3 1. and perhaps for 12 hr., 30®, 3 1. 

This secondary minimal point is of special interest in connection with 
the double oxygen optima recently reported by Mack (17) for carbon- 
dioxide production and shoot elongation in wheat seedlings from the same 
lot of seed as was used in this study. In the present case it appears that, 
with a properly chosen maintained temperature (about 24®, which is near 
the general temperature optimum for this lot of seed) an air flow of 3 1. 
per day gave a markedly lower germination percentage in 18 hr. or 24 hr. 
than was given by either less vigorous or more vigorous aeration with the 
same periods of incubation. 

These observations on aeration optima may be important when we shall 
have learned more of the oxygen requirements of germinating seeds. For 
many kinds of seed oxygen supply appears to be just as truly important 
and critical as temperature and water supply are, and aeration of such 
cultures as those of the present study may be effective — as has been re- 
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marked — in other ways than through its influence on oxygen supply. To 
secure very high germination percentages (approaching 100) in 24 hr. or 
18 hr., with this lot of seed under dilute nutrient solution, it was only 
necessary to find the correct combination of temperature, aeration treatment 
and length of incubation period. 

Three-dimension graphs 

Another way to bring the average percentages of table I together for 
somewhat ready comparison, and to show how markedly different environ- 
mental complexes gave similar results, is to plot the percentages on three- 
dimensional diagrams, with contour lines or isopleths connecting points of 
like value, yince there are four variables to be dealt with and only three 
may be plotted on a single diagram, several diagrams are requisite to 
represent all the relations. If we consider the diagrams as representing 
curved surfaces and always plot the average percentages as altitudes, three 
sets of diagrams are possible. These may be characterized as follows, the 
terminology being that of a topographic chart. 

Set a. — West-east distances represent the different degrees of aeration 
treatment and south-north distances represent temperature. There are four 
diagrams in this set, one for each incubation period. The set for 24 hr. is 
shown in figure 4 (A). 



Fia. 4 Representative three-dimension graphs of germination percentage as related to 
maintained temperature, aeration treatment and duration of incubation. 
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Set B. — ^West-east distances represent aeration treatments, as in set A, 
but south-north distances represent different incubation periods. In this 
set there are seven diagrams, one for each temperature. The set for 24° 
is shown in figure 4 (B). 

Set. C. — West-east distances represent temperature and south-north 
distances represent, as in set B, the different incubation periods. There 
are six diagrams, one for each aeration treatment. The sets for no air flow 
and for a flow of 30 1. per day are shown in figure 4 (Gj and C^) . 

Each isopleth or contour line of each diagram passes through points 
of like altitude and all points on any line consequently represent conditional 
complexes giving about the same average germination percentage. Thus 
each diagram is seen to be divided into areas by the contours, like a pliysio- 
graphic chart of a terrain. The percentage values are shown on the con- 
tours. Each diagram has a ‘'high’’ and a “low” area and several inter- 
mediate ones. 

These isopleth diagrams bring out the relations already mentioned and 
many others in addition, but they need not be discussed in detail. This 
method of presentation of the numerical values shows that the same per- 
centage value was given by many different treatments of the cultures and 
that different but equally effective treatments are consistently related to the 
system of coordinates. 

SiX-IIOUR AND TWELVE-HOUR INCREMENTS OP THE AVERAGE 
PERCENTAGE VALUES FOR THE TWENTY-FOUR HOURS 
AFTER THE BEGINNING OP THE EXPERIMENTS 

If we consider that the number of germinated seeds in any culture in- 
creased with time we may derive 6-hr. and 12-hr. increments by the ordinary 
method of subtraction. The results of these operations are set forth in 
table II, which consists of six horizontal sections, one for each aeration 
treatment. In each section are seven lines, one for each of the seven tem- 
peratures, and each line presents, in order from left to right, the increments 
for the first, second, third and fourth 6-hr. periods, for the first and second 
12-hr. periods and the total percentage value for the entire 24-hr. period. 
The highest value for each period in each section of the table is shown in 
boldface type and the highest 6-hr. value for each aeration treatment is 
designated by an asterisk. 

The temperature giving the greatest 6-hr. increment value with any air 
flow is progressively lower for later periods. For example, with air flow 
of 15 1. per day the optimal temperature for seedling production in the first 
6 hours is shown as 35° or 40°, for the second 6-hr. period it is 30°, for the 
third it is 24° and for the fourth it is 19°. This relation holds for all air 
flows tested but does not appear to hold for the cultures without air flow. 



TABLE II 

Six-hour and twelve-hour increments of the average percentages shown in table I 
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Highest 6-hr. value for the given aeration treatment. 



TABLE II (continued) 
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Highest C-hr. value for the given aeration treatment. 
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Of course this generalization constitutes a step in the analysis of the reasons 
for the temperature regression already noted. 

If we arrange the 6-hr.-increment values that are above 30 per cent, in 
the descending order of their magnitudes we obtain the following list. 
Opposite each increment value is shown the particular combination of tem- 
perature and air flow that gave it and the number of the 6-hr. period for 
which it occurs. With the single exception of the value 36, every one of 


6-hr. 

INCREMENT 

Temperature 

Hate of air flow 

No. OP PERIOD 

•per cent, 
r)7 

deg. C. 

30 

1. per day 

30 

2 

44 

30 

6 

2 

41’ 

24 

1 

3 

41 

30 

15 

2 

4U 

24 

15 

3 

38 

24 

30. 6 

3 

37 

19 

6 

4 

36 

24 

34 

2 

34 

19 

3 

4 

32 

19 

15 

4 

31 

19 

3,30 

4 


tliese corresponds to one or another of the three temperature-period com- 
binations, 30°, 2nd period; 24'’, 3rd period; and 19°, 4th period. The 
aeration relations of these best combinations are shown by the upper three 
graphs of figure 5. In that figure abscissas are aeration treatments and 
ordinates are 6-hr. germination-percentage increments. Ordinate values 
are shown by the numerals on the graphs. The graph for 35®, 1st period, 
is added for comparison. 

The three upper graphs illustrate how great may be the difference 
between cultures without artificial aeration and those with an air flow of 
1 1. per day. The cultures without air flow had practically no convection 
and the oxygen supply to the seeds must have been very slow indeed. Per- 
haps the marked effect of the slowest rate of bubbling, in giving increment 
values higher than the corresponding ones without air flow, may have been 
due to stirring of the solution rather than to the entrance of air into the 
flasks. A double optimum is again shown on the graph for 24®, 3rd period, 
and it is suggested for 30®, 2nd period, the increment value for a 1-1. flow 
being higher than that for a 3-1. flow. For air flow^s of from 6 1. to 30 1. 
per day the 6-hr. increment values are about the same on each one of the 
lower three graphs, but the second 6-hr. period with 30® gave the highest 
increment (57 per cent.) with the most rapid air flow and might have given 
still higher values with still more rapid rates of flow. 
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Fig. 5. Bepresentative aeration graphs of the 6-hr. increments of germination per- 
centage. The graphs are arranged to avoid intersections, without reference to the scale 
of ordinates, but all are plotted on the same scale, ordinate values being shown at the 
points of record. 
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If it were desired to select a large number of seedlings as nearly alike 
as possible, as for a series of solution cultures, about 50 per cent, of this 
lot of seed might be so selected by taking just those seedlings that had burst 
the seedcoats in the second 6 hours of incubation under the weak nutrient 
solution here used and with maintained temperature of 30° and air flow of 
30 1. per day. This is an illustration of the manner in which a number 
of physiologically similar seedlings may be selected by means of differential 
culture, as has been pointed out by Haasis. Of course this sort of selection 
cannot be applied without bringing the seeds into activity and the seeds 
selected cannot be returned to ordinary storage; they must be allowed to 
continue their development after it is once started, unless, indeed, they 
might be held in a kind of dormancy by the employment of suitably low 
temperature. A study of table II will suggest many ways by which several 
groups or categories of seedlings might be secured, the individuals of each 
group being nearly alike by the physiological test of germination in the 
same short period under a standard set of environmental conditions, while 
the several groups would differ among themselves in more or less pro- 
nounced w’ays. Seedlings produced in the first 6 hours of incubation with 
a specified environmental complex might be very different in physiological 
characteristics from those produced in the fourth 6-hr. period under the 
same conditions, for example. Whether such differences might be related 
to genetic characteristics is a question that may be interesting and impor- 
tant. 

It will be noted from table II that, for all aeration treatment.s, germina- 
tion at 45° was confined to the first 6-hr. period, which has already been 
mentioned, and that the same is practically true for 40°. With a tempera- 
ture of 35° most of the germination that occurred is showm for the first 
6-hr. period in every case, but the second period gave considerable germina- 
tion wdth air flows more rapid than 1 1. per day. With this same tempera- 
ture still later periods sliow^ increments that are nearly or quite negligible, 
excepting in the case of the most vigorous aeration. These three tempera- 
tures (45°, 40°, and 35°) are all above the general temperature optimum 
for tliis lot of seed and it appears that they agreed in giving the highest 
germination percentage for the first 6 hr. 

Besides the relations here mentioned, other interesting relations may be 
noted by a study of table II. The 12-hr. increments of average germination 
percentage show about the same relations, mutatis mutandis ^ as do the 6-hr. 
increments and they need not be dwelt on here, for the 6-hr. increments 
are more useful in studying these relations. 

Optimal conditional complexes 

From what has been said in the preceding sections it is clear that there 
are at least three quite different criteria by which we may judge which ones 
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of the many different combinations of temperature, aeration treatment and 
incubation period were optimal. 

(1) In the first place, most students of germination percentage or seed 
viability would probably regard as optimal, within the ranges of this study, 
those sets of conditions that gave the highest average percentages, without 
regard to time. On that basis, as has been pointed out, we may name 
three combinations as in the optimal range, namely: 24°, 6-1. flow, 24 hr.; 
24®, 15-1. flow, 24 hr. ; 24®, 30-1. flow, 24 hr. Because the average percentage 
values for these three combinations are all nearly 100 (being 92, 95 and 95, 
respectively) it is possible to say that no other combination of influences 
could have given percentages significantly greater. Other equally effective 
combinations might of course be found, especially if the period of incubation 
were prolonged beyond 24 hr., but these three are surely as truly optimal 
as any combination that might be tested. Because all three of these optimal 
combinations are characterized by the temperature value of 24® we have 
said that the general temperature optimum for nearly complete germination 
is 24®. And because all three are characterized by the duration value of 
24 hr. we may conclude that 24® and 24 hr. are to be taken together in 
defining a general environmental optimum, together with a rate of air flow 
of 6-1. per day or more, and the background conditions employed in this 
study. 

(2) In the second place, from another point of view, we may regard as 
optima] the combination of experimental variables that gave the highest 
mean hourly rate of seedling production. On this basis, considering the 
duration factor now, we find that the optimal combination, Avithin the whole 
range of this study, is 30®, 30-1. flow, 12 hr. This combination gave an 
average hourly rate of 6.2 seedlings per hour and no other combination 
tested approached that value more nearly than 5.0. It is apparent that no 
combination of these background conditions with a maintained temperature 
higher than 30® might have given a higher hourly rate, nor is there any 
suggestion that any incubation period shorter or longer than 12 hr. might 
have given higher rates, unless aeration were still more vigorous than is 
represented by an air flow of 30 1. per day. It is logically possible, how- 
ever, that some rate of air flow more rapid than 30 1. per day might have 
given an average hourly rate of seedling production somewhat greater than 
6.2. We may therefore conclude that the optimal complex for this lot of 
seed, within the parameter of this study, and on the basis of the time rate 
of seedling production, is either the one noted above or else some combina- 
tion of 30° with a 12-hr. period and an air flow more rapid than 30 1. per 
day. 

(3) From still another viewpoint, we may regard as optimal, in a special 
sense, the environmental complex corresponding to that particular portion 
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of the first 24 hours of incubation which gave the greatest 6-hr. increment 
in the numerical index of seedling production. On this basis we find an 
optimal set of conditions defined as follows : 30®, 30-1. flow, 2nd 6-hr. period. 
This complex gave an increment of 57 per cent, and no other combination 
tested approached that value at all closely. As by the second criterion 
(hourly rate), the optimal temperature is here shown as 30®, the optimal 
rate of air flow is to be considered as 30 1. per day, or else perhaps a still 
higher rate. 

From these and similar considerations it is clear that the optimal tem- 
perature for seedling production by this lot of seed, under the background 
conditions of these studies, may be stated as about 24° or about 30®, accord- 
ing to the criteria used. Either statement may be regarded as correct. 
This illustrates the principle that no concept of optimal temperature, etc., 
can be generally clear unless the corresponding or concomitant non-tempera- 
ture influences and the criteria for judgment are specifically stated. 

Special experiments 

The results of the routine experiments reported in the preceding section 
show many combinations of temperature, aeration treatment and length of 
incubation period that gave average germination percentages smaller than 
the largest value obtained, which w^as 95, for 24®, 24 hr. and an air flow of 
15 1. or 30 1. per day. It is suggested at once that a large proportion of 
these low-efficiency combinations were deficient with respect to time only, 
that they might have given much larger germination percentages if the 
tests had been continued longer. Circumstances did not permit the longer- 
period tests that are thus suggested but two like experiments were carried 
out with an incubation period of 3 days, the seven maintained temperatures 
regularly employed, and an air flow of 15 1. per day, other details being 
according to the routine specifications. The average percentage values 
from these two experiments are given below, along with the corresponding 
24-hr.-15-l. values and also the 24-hr.-30-l. values (from table I). 



12° 

19° 

o 

30° 

35° 

40° 

450 

3-day values, air flow of 15- 
1. per day . . 

95 

95 

! 

95 1 

1 

87 

28 

13 

14 

1-day values, air flow of 15- 
1. per day 

29 

76 

95 

84 

33 

22 

15 

1-day values, air flow of 30- 
1. per day 

29 

82 

95 

93 

45 

21 

15 
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It is remarkable that the incubation period of 3 days gave the same ger- 
mination percentage for 12°, and 24° and that this value (95) is the 
same as the maximum percentage obtained with the combination of 24° and 
15 1. or 30 1. and 1 day. It appears that this lot of seed was capable of showing 
a germination percentage of about 95 with temperatures from somewhat be- 
low 12° to about 24° (or perhaps even somewhat higher), with air flow of 15 
1. or more, provided the incubation period were sufficiently prolonged. It is 
also indicated that the combination of 24° and air flow of 15 1. gave no more 
germination with a longer period than with a period of 1 day; wdth this 
combination it appears that all viable seeds had germinated by the end of 
the 1-day period. Just how long it took to attain the percentage value of 
95 with combinations of 12° and 19° with air flow of 15 1. is of course not 
shown, but that value was surely attained within 3 days of the beginning 
of soaking. For 30° we may say that the 1-day period and the 3-day period 
gave about the same percentage value (87, 84) with air flow of 15 1. 
Whether the value for 1 day and a flow of 30 1. (93) is significantly higher 
than this may perhaps be questioned and it is at least possible that a period 
somewhat longer than 3 days might have brought the percentage value 
for 30° and a flow of 15 1. up to 95. There is obvious experimental dis- 
crepancy between the 1-day and the 3-day values for 35° and 40°, but it is 
at least indicated that all of the seeds that were able to germinate at either 
of these temperatures had burst their seedcoats by the end of the first day 
under the specified conditions; for this aeration treatment and either of 
these temperatures the percentage value is surely no greater for the 3-day 
period than for the 1-day period. The data for 1 day and 3 days with a 
temperature of 45° are in excellent agreement; as has been emphasized, all 
seeds capable of germination at this supra-optimal and surely injurious 
temperature had apparently burst their seedcoats within the first 6 hr. of 
incubation, the rest dying eventually. 

Cultures held for 6 hr. at 45°, with an air flow of 15 1. per day, and then 
transferred to 24° with the same aeration for the following 18 hr. gave the 
same germination percentage as was shown for the first 6 hr. at the higher 
temperature; about 15 per cent, of the seeds germinated in the first 6-hr. 
period at 45° and no additional ones germinated in the succeeding 18 hr. 
at 24°. This supports the conclusion that the seeds that could not germi- 
nate in 6 hr. at 45° were probably all dead by the end of that short period. 

From a special series of cultures of the sort used in the routine part of 
this study, with the same seven maintained temperatures and with an air 
flow of 3 1. per day, the seeds that had burst their seedcoats in the first 6 hr., 
in the second 6 hr., and in the second 12 hr. were segregated and planted in 
21 pots of sand, which w^ere kept in a greenhouse room for four weeks, with 
daily watering. Most of these lots of barely germinated seeds produced 
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nearly as many apparently healthy plants as there were seeds in the respec- 
tive lots, indicating that the seeds had not been injured by the culture treat- 
ment employed for germination. 

About half of the lot that had burst the seedcoats in 6 hr. at 45° failed 
to produce plants. This seems to indicate that about half of the germinated 
seeds from the 6-hr.-45° culture had been seriously injured in that short 
period, so that they either were dead at the end of the period or died without 
further development after they had been planted in the pots. The plants 
that were produced from this lot appeared to be somewhat retarded in their 
growth and may not have been quite as healthy as those from germination 
cultures at lower temperatures. Only a very few germinated seeds were 
available from the cultures at 45° for the second 6 hr. and for the second 
12 hr. of incubation, and no plants were obtained from either of these lots. 
As far as this additional evidence goes, it supports the tentative conclusion 
reached from the results of the routine experiments, that a maintained tem- 
perature of 45°, with the non-temperature conditions of this study, acted 
injuriously on most of the seeds even in the first 6 hr. 

Summary 

In this paper are reported results of an experimental study of the 
germination performance of a lot of pure-line wheat seed (Nittany variety) 
under ditferent sets of environmental conditions. The study was carried 
out at the Laboratory of Plant Physiology of the Johns Hopkins University, 
under guidance of Professor Burton E. Livingston. All apparently im- 
perfect seeds and all seeds that floated on the nutrient solution used were 
discarded before each experiment was begun. In each germination test 
100 seeds lay on the bottom of a germination flask, under 100 ml. of nutrient 
solution the surface of which was about 2 cm. above the seeds. Seven tem- 
peratures (12°, 19°, 24°, 30°, 35°, 40° and 45°) were employed by means 
of unlighted chambers, for incubation periods of 6 hr., 12 hr., 18 hr. and 
24 hr. Six different aeration treatments were employed for each combina- 
tion of temperature and length of incubation period. By one treatment 
the cultures were without air flow or agitation, the flask being open to the 
air of the chamber through an ordinary 2-hole rubber stopper. By the 
remaining treatments air from outside the temperature chamber was con- 
tinually bubbled through the solution, renewing the supply of oxygen, 
removing volatile excretions and insuring the stirring of the solution about 
the seeds. Five rates of air flow were employed : 1 1., 3 1., 6 1., 15 1. and 30 1. 
per day. There were consequently 42 different environmental complexes, 
each being tested with four periods of incubation. The medium was a 
3-salt solution containing per liter 0.0084 gram-mol. of each of the salts, 
KH2PO4, MgSO^, Ca(N03)2. It had a total osmotic value of about 1 
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atmosphere at 20°. The culture solution was not renewed throughout the 
incubation period. At the end of each test the number of seeds that had 
germinated was ascertained and recorded as a percentage of the total num- 
; ber in the flask. Germination was considered as having occurred in all 
instances where the seedcoat had been ruptured and the white coleoptile 
was visible through the opening. Each tost was performed five times and 
the five percentages were combined as the average germination percentage 
for that test. 

The results are presented in tabular form and in representative graphs 
of several sorts. Almost all (95, 92 per cent.) of the seeds of a sample 
germinated in 24 hr. with the best environmental complexes, and high 
percentages (86, 83 per cent.) were obtained in 18 hr. under the best con- 
ditions. About a fifth of them germinated in 6 hr. under the best condi- 
tions. 

In general, higher temperatures gave higher germination percentages, 
up to a temperature optimum, beyond which still higher temperatures gave 
lower percentages. The optimal temperature was lower as the incubation 
period was longer, being about 30® or 35° for the shortest period and about 
24° for the longest. Aeration treatment exerted little if any influence on 
the optimal temperature for any period. 

For 12°, 19°, 24° and 30° the germination percentages secured with 
any aeration treatment were progressively higher with longer incubation 
periods and the highest values were obtained with these temperatures and 
24 hr. of incubation. On the other hand, this relation was not so clear 
for still higher temperatures and did not appear at all for 45°. The seeds 
that germinated at this highest temperature burst their seedcoats within 
6 hr. and longer periods gave no higher values. Aeration treatment was 
without marked influence on this relation. 

In general, progressively more vigorous aeration treatments gave pro- 
gressively higher germination percentages, up to a rate of air flow of 3 1. 
or 6 1. per day, but no farther, and this relation was increasingly evident 
for progressively longer periods. For the longest period (24 hr.) tempera- 
tures of 19°, 30° and 35° gave progressively higher values up to the most 
rapid rate of air flow (30 1. per day) and it appears that still more vigorous 
aeration might have given higher values than were given by the 3)9-1. flow. 
With a temperature of 24° a double aeration optimum is clearly shown for 
the 18-hr. and 24-hr. periods and such a double optimum is suggested for 
19° and 24 hr. and for 19° and 18 hr. The bimodal aeration graph repre- 
senting this double optimum has a marked secondary minimum correspond- 
ing to an air flow of 3 1. per day. That is, for the instances just mentioned 
rates of flow of 1 1. and of 6 1. per day gave notably higher percentages 
than were given by the intermediate rate of 3 1, per day. 
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Some representative 3-dimension graphs are shown, with contours or 
isopleths passing through points that represent combinations of conditions 
giving like percentage values. 

Average hourly rates of seedling production are presented and dis- 
cussed, also the 6-hr. increments of average germination percentage. 

As to optimal conditional-durational complexes, three complexes gave 
percentage values above 90, all for 24® and 24 hr., with air flow of 6 1., 15 L 
and 30 1., respectively. These combinations of the experimental variables 
might be taken to represent general optimal conditions. If, however, we 
consider as optimal the combinations that gave highest average hourly rates 
of seedling production we must regard as optimal the combination of 30°, 
12 hr. and an air flow of 30 1. per day. This gave an average hourly rate 
of 6.2 seedlings per day and no other combination tested gave a correspond- 
ing hourly value approaching this more nearly than 5.0. Furthermore, if 
we regard as optimal the complex corresponding to that particular 6-hr. 
interval (of the first 24 hr. of incubation) which gave the greatest 6-hr. 
increment in the numerical index of seedling production, we should select 
the second 6-hr. period with 30° and an air flow of 30 1. per day. This 
complex gave an hourly increment of 57 per cent, which is not at all closely 
approached by any other corresponding value. 

Home special experiments are briefly reported. From an experiment 
series with an incubation period of 3 days it appears that this lot of wheat 
seed was capable of showing a germination percentage of about 95 with 
temperatures from somewhat below’ 12° to about 24° (or perhaps higher), 
with daily air flow of 15 1. or more, provided the incubation period were 
sufficiently prolonged. This may be true for 30° also. For 35° and for 
40°, with air flow of 15 1. the 3-day cultures failed to give greater per- 
centage values than were given by single-day cultures. For 45° no more 
seeds germinated in 3 days than in 6 hr. 

Cultures held for 6 hr. at 45° with air flow’ of 15 1. per day and then 
subjected to 24° with the same aeration for the succeeding 18 hr., gave a 
germination percentage of about 15, the same as was given by the first 6 hr. 
of this test. This supports the conclusion that the seeds that could not 
germinate in 6 hr. at 45° were probably all dead by the end of that short 
period. 

Seeds that had germinated in the first 6 hr., in the second 6 hr. and in 
the second 12 hr. of incubation, with air flow of 3 1. per day, and had then 
been planted in pots of sand and treated for four weeks like ordinary 
potted plants in the greenhouse, generally showed healthy and usual growth, 
which indicates that the germination treatment had not been injurious. 
But about half of the seeds that had germinated in the first 6 hr. at 45° 
(with 3-1. air flow) failed to continue their development in the pot cultures; 
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these had been killed in the 6 hr. germination period or else they had been 
so injured that they died sKortly after being planted in the pots. 

The results of this study clearly show how the germination performance 
of this lot of wheat seed was influenced by the experimental variables 
(maintained temperature, aeration treatment and duration of incubation) 
and how the influence exerted by any one of these variables was itself 
influenced by the others. They emphasize again the general principle that 
environmental influence on organisms needs to be studied and described in 
terms of environmental complexes rather than in terms of only one or a few 
of the influential conditions. The influence of any kind of environmental 
condition or “factor’’ can be usefully described only with adequate refer- 
ence to all the other kinds of influential conditions acting at the same time. 

It is pointed out that germination with a series of different but simul- 
taneous environmental complexes and different incubation periods might 
be employed to secure several batches of barely germinated seeds from the 
same seed stock, the individuals of each batch being rather nearly alike 
physiologically while the several batches might be nearly alike or notably 
different, as might be desired. When like batches of seedlings from a 
given seed stock are needed for experimentation on environmental in- 
fluences as they affect subsequent devlopmental phases, such physiological 
selection as is here suggested may be useful, in addition to the commonly 
employed selections based on general appearance, size, color, weight, specific 
gravity, and other morphological characteristics of resting seeds. 

The relations here brought out between germination percentage, on the 
one hand, and the prevailing environmental complexes of the germinators 
and the duration of incubation, on the other hand, may be useful also in 
the further working out of standard procedures for ordinary seed testing. 

The Johns Hopkins University, 

Baltimore, Maryland. 
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DISCHARGE OP SACCHARASE PROM MYCELIUM OP 
PENICILLIIJM GLAUCUM 

ZOLTAN I. KeRTESZ 

(with two figures and one plate) 

Introduction 

The relation between the composition of the media of fungus cultures 
and the enzymes produced has been the subject of many investigations. 
There is very little knowai about the discharge of the enzymes secreted by 
the mold into the culture medium. This phenomenon bears the most inti- 
mate relationship to the role played by the enzymes and to the life-cycle 
of the molds and it therefore merits more attention. 

The first recorded data in the literature that deal with the diffusion of 
mold enzymes into the medium are found in the study of Pernbach (7) 
on the saecharase of Aspergillus niger. His method can not be regarded 
as free from objections, (6) but he established the first enzyme unit and 
he w^as the first to point out the great importance of the degree of acidity 
of the reaction mixtures. He measured the distribution of the saecharase 
between the mold and medium. The main result of his investigations was 
the discovery of the fact that the total amount of saecharase (activity) 
expressed in his enzyme unit was fairly constant, decreasing only about 
20 per cent, from the second to the fifth day. The distribution ratio of the 
enzyme between the mold and medium changed during growth. On the 
second day 3 per cent., and on the fifth day 37 per cent, of the total enzyme 
content was found in the medium. 

The conclusion to be derived from Pernbach experiment is that the 
maximum amount of enzyme is formed during the first two days, and later 
tliis enzyme simply passes slowly from the mold to the medium. He ob- 
tained practically the same results with a yeast , — Saccharomyces pastoria- 
nus. Since Pernbach experiments no work has been done on the distri- 
bution of the enzyme between microorganism and medium. 

In the experiments of Doby and Kertesz (2) the saecharase content of 
PenicilUum glaucum cultures was determined and the enzyme content of 
the medium w^as found to be very low. These authors were studying the 
changes in the saecharase content of the mold when grown with and without 
potassium, and therefore did not pay further attention to the enzyme 
content of the medium. 

Bridel and Aagaabd (1) have shown that when the mold is kept on 
distilled water, the enzyme diffuses out of the mycelium into the water. 

IwANOFF and Kudrjawzewa (8) published a paper in 1929 entitled, 
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^^Ausseheidung der Saccharase axis der Zellen/^ The main conclusions 
drawn by these authors were that the discharge of the saccharase from the 
mycelium depends on the pH of the medium; very little saccharase was 
discharged if the medium was acid but as it became more alkaline more 
and more enzyme was discharged into the medium. In this connection it 
should be pointed out that one essential weakness of the method used by 
the Russian authors is that the saccharase content of the medium only has 
been studied and never that of the mold. For this reason the data that 
these workers presented can not be considered sufficient to show completely 
the extent of the discharge of the saccharase. Although the enzyme content 
(capacity) of the medium of two different cultures may be found to be the 
same, this part of the enzyme content may be only 10 per cent, in one case 
but 90 per cent, of the total enzyme content produced by the mold in the 
other case. 

It was for the purpose of securing more information concerning the 
factors influencing the discharge (diffusion) of saccharase from the cells 
of Penicillin m glmicum that the studies reported in this paper were 
undertaken. 

Experimental 

Method 

The strain of Penicillinm glaucnm Link used in these experiments was 
the same as used in earlier experiments, the culture originating from the 
Royal Hungarian Institution for Industrial Fermentations in Bnda})est, 
Hungary. 

The salt supplement of the cultures was always the same as given in 
earlier papers ( 10 , 11 , 2 ) and contained sufficient amounts of P, K, Mg, Fa, 
Na, Cl, SO4, N, (NO3 and H^ N) and traces of Pe+‘+ and Zn. After inocu- 
lation the mold has been grown in 100-ec. Erlenmeyer flasks containing 
50 cc. of medium and at a temperature of 24.0° C. 

The procedure used in the enzyme determination was as follows: The 
mold was taken off of the medium and washed with a quantity of distilled 
water such that the volume of the medium was restored to 50 ce. as at the 
beginning of the growth. The dry matter w^as determined on a small 
sample of mycelium, drying to constant weight at 95° C. The rest of the 
mold was ground in a porcelain mortar and suspended in water. A sample 
of this suspension was taken for the determination of the dry matter content 
of the suspension and the remainder was used for the determination of the 
enzyme activity. 

The medium was filtered before being used for the determination of the 
enzyme activity. The reaction mixtures contained in all cases 5 per cent, 
of sucrose. The amount of sucrose contained in the part of the medium 
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used has always been determined and correction for this has been made in 
the calculations. The pH of the reaction mixture was always 4.5 which 
has been shown to be the optimum for this enzyme (2). The pH was 
determined by the use of indicators. Phosphate buffer was used through- 
out and 3 per cent, of toluol was always added. The reaction temperature 
was 38.0'" C. in all experiments. 

At the beginning of the experiments and at the indicated intervals, 
samples were taken from the reaction mixtures, clarified by neutral lead 
acetate and sodium carbonate, centrifuged, and in the clear solution the 
reducing sugars were determined. In one series the optical rotation was 
determined in a 200 mm. tube. For the determination of the reducing 
sugars Bertrand’s method was used and for the calculation reference was 
made to the author’s recalculated tables (12). The values reported in the 
tables have been corrected for the blank found at the beginning of the 
ex})eriment. 

The monomolecular reaction constants were calculated by the use of 
the familiar formulae : 
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in which is reaction time (min.), A is the amount of substrate 
(sucrose) present at the beginning of the reaction, X is the amount of 
substrate changed in time is rotation at the beginning, a is rotation 

after the time The value of «« is calculated from the formula 


aoo = ao (0.417-0.05 0. (3) 

The If is calculated from v. Euler^s formula (6) 

k X gm. sucrose in the reaction mixture (4) 

~ gm. of dry matter of the enzyme prepa- 
ration in the reaction mixture 

In the case of the enzyme determinations in the medium ‘*cc. of medium 
used in the reaction mixture” has been substituted for ^‘gm. dry matter.” 

The enzyme content of the whole culture of the mold and medium 
respectively’ has been expressed in the formula proposed by the author (13) : 

Total enzyme content of the mold = = (//i) x (dry matter yield in gm.) (5) 

Total enzyme content of the medium =1^2= (f^/z) x (total volume of the 

medium in cc.) (6) 

Before presenting the data obtained, it is necessary to explain why the 
above method of determination has been used in preference to the method 
described by Iwanoff and Kudrjawzewa. As mentioned before, the 
Russian authors determined the enzyme content in the medium only. 
Further, the method used for their determinations was not free from 
objections. Their method as described in their paper was as follows (loc. 
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cit., p. 243): ‘‘Von 50 ccm. Kulturfliissigkeit wurden 10 ccm. Filtrat 
entnommen und 10 ccm. Wasser und 1 gm. Saccharose hinzugefiigt; das 
Medium wurde auf pH = 5.2, t = 52® C. gebracht; nach Verlauf einer 
bestimmten Zeit, 1 bis 3 Stunden, wurde die Menge des reduzierenden 
Zuckers nach Bertrand bestimmt. Die Saccharasekraft wurde in Milli- 
grammen reduzierenden Zuckers ausgedriickt, welcher sich aus 1 gm. Sac- 
charose gebildet hat. Diese einfache Methode wurde bei alien weiter 
beschriebenen angewandt.’’ 

It is to be seen that no determinations of the reducing power were made 
at the beginning of the reactions. The media used by Iwanopp and 
Kudrjawzewa contained sugars in most cases and perhaps other substances 
which have a reducing power; therefore their single determination of the 
reducing power could scarcely be expected to define the rate of reaction. 
If the mold was grown, for instance, on sucrose solution the original reduc- 
ing power of the medium was changed considerably by the inversion of 
the sucrose. These two opposing reactions (1) the inversion of the original 
sucrose, and (2) the disappearance of the invert sugar from the solution, 
make the results obtained by the Russian authors so uncertain, that from 
their work no more than qualitative conclusions can be drawn. 

Results 

On the basis of the experiments of Iwanoff and Kudrjawzewa atten- 
tion was first paid to the influence of the reaction of the medium on the 
discharge of the saccharase to the medium. 

In these experiments the PenicUlium glaucum was grown on 50 cc. of 
medium containing 5 per cent, sucrose and inorganic salts. By the use of 
N/10 NaOH or N/10 H2SO4 the reaction of the medium was brought to the 
desired pll. A few drops of solutions of suitable indicators were added 
and the pH corrected daily throughout the experiment by the addition of 
base from a sterile burette. Of course, during one day the production of 
acid by the living mold caused a certain shifting toward the acid reaction, 
therefore the pH values given are approximately 0.5 pH higher than the 
lowest value actually reached during growth. The cultures were harvested 
on the fourth day after inoculation. In this single case the determination 
of the saccharase effect in the mold was done by the polarimetric method. 

The results obtained show that contrary to the conclusions stated by 
Iwanoff and Kudrjawzewa, saccharase has been found in the media of 
cultures grown in acid reaction. On the whole the total enzyme content 
(Bx + Eg) decreased with increasing pH. The pH of the first culture was 
3.0 at the beginning, and it was necessary during growth to correct it, 
because it had decreased to 2.7 - 2.8. From this experiment it is to be seen 
that the saccharase of Penwillitim glaucum passes into the medium in 
quite acid reaction. 



TABLE I 

Saccharase content op the mtcelium and medium op PrniriUium glaiicum cuIjTORES, grown at different 
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The rate of growth, as is to be seen from the dry matter yield, varied 
materially in the cultures grown at different pH^s. All the cultures were 
therefore in different stages of development, and presumably some of them 
near to and some far from having their highest saccharase content. Dost 
and Kertesz found that the mycelium of Penieillium glaucum grown on 5 
per cent, sucrose had the highest saccharase content on the fifth day of 
growth. This work showed the effect of pH on the growth of the mold, but 
no attempt was made to arrive at conclusions in regard to the distribution 
of the enzyme between mycelium and medium. For this reason the changes 
of the saccharase content of growing cultures were studied as will be shown 
later in this paper. 

In the following three experimental series given in tables II, III and IV 
the mold was grown on 50 cc. of a medium which contained the inorganic 
salt supplement and 5 per cent, of sucrose (II), the salt supplement and 5 
per cent, of sucrose and 0.25 per cent, of asparagin (III), and the salt 
supplement and 1.5 per cent, solution of Witte peptone (IV). 

As can be seen from table II, the dry matter yield increased even after 
the eleventh day, showing that the supply of nutrients had not been used 
up during that time. The enzyme content of both mycelium and medium 
was the highest on the fourth day. The highest enzyme content of the 
medium was observed on the fourth day and amounted to 17.7 per cent, of 
the total enzyme content. 

As was seen from the pH values of the growing cultures, the reaction 
of the medium was shifted toward the acid side very quickly, i.e., the 
original reaction of pH 5.4 was changed to 2.9. 

The results presented in table III are similar to those presented in 
table II. The growth is more rapid, and because of the larger amount of 
nitrogenous and carbohydrate nutrients the dry matter yield is higher 
also. The total enzyme (or enzjune activity) produced by the culture at 
the fourth day is double that of the culture having no asparagin. The rate 
of increase of the actual acidity in the medium is a little slower in the 
presence of asparagin, possibly because of the buffer action of this com- 
pound. 

The maximum enzyme activity per unit of dry matter (IfJ is only 10 
per cent, higher than in the culture without asparagin, but the enzyme 
content of the medium is much higher. But even in this case only on the 
fourth day was 25 per cent, of the total enzyme content found in the 
medium; later this value decreased to 5 per cent., only one twentieth of 
the total enzyme contained in the whole culture. 

The results obtained with cultures grown on Witte peptone are pre- 
sented in table IV. In no case has a definite saccharase activity been found. 





TABLE IV 
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It is to be seen from the data presented that the question of the diffusion 
of saccharase to the mediqm in mold cultures is much more complicated 
than it has been supposed by earlier authors. With changes in the medium, 
changes occur in the whole life-cycle of the mold. On account of the 
different substrates, the molds produce different amounts (activity) of 
enzyme. Furthermore the enzyme content changes with the age of the 
culture. 

In the following experiment mold grown on 5 per cent, sucrose for five 
days was kept immersed in buffer solutions of various pH in the presence 
and also in the absence of toluol and the enzyme diffused to the buffer 
solutions after two days was determined. The mold had been grown in 
five 100-cc. Brlenmeyer flasks each containing 50 cc. of medium. The 
weight of mycelium harvested on the fifth day was 13.75 gm. The dry 
matter content was determined to be 19.15 per cent. The total dry matter 
yield of the five cultures w^as therefore 2.63 gm. After washing and drying 
with filter paper it was divided into 1-gm. portions each representing 0.19 
gm. dry matter. Ten of these portions were put in small bottles having 
glass stoppers and containing 40 cc. of a mixture of 4 cc. N/10 phosphate 
buffer and 36 cc. of sterilized distilled water making a final buffer solution 
N/lOO with respect to phosphate. The mold was immersed in the solutions. 
At the beginning of the experiment the enzyme content (activity) of the 
mold was determined to be If = 31.6 x 10"®. For the determination of the 
enzyme diffused to the solutions, after filtration 25 cc. was mixed with 20 cc. 
of a 12.5 per cent, sucrose solution and 5 cc. of ifiiosphate buffer, pH = 4.5. 
In several cases the solutions were too far removed from pH 4.5 to use 
directly and in these the pH was corrected by the addition of N/20 NaOH 
or N/20 H2SO4. From these reaction mixtures 10 cc. was taken out at the 
intervals indicated, clarified by neutral lead acetate and sodium carbonate, 
and made up to 100 cc. This solution was used for the determination of 
the reducing sugars produced by the action of the saccharase. In figure 1 
are showm the results of these experiments. 

In all these last experiments containing buffer solutions the enzyme 
activity w^as higher than in the blank in which the mold had been kept on 
sterile distilled water. The shape of the curves representing the relations 
between pH of the solutions in which the mold was kept and the enzyme 
found in it after two days are very remarkable. In the presence of toluol 
the highest enzyme content w^as found in the neutral solution, while in the 
absence of toluol the lowest enzyme content was found at the same reaction. 
The highest enzyme content recorded was found in the solution without 
toluol at pH 8.9. In this case the solution contained 2.8 times as much 
enzyme as the blank on distilled water. 
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Fig. 1. The discharge of saccharase from the mycelium of Fenieillium glaucum cul- 
tures. (The k’s are averages of the values obtained in 3, 6 and 24 hours.) 

Discussion 

A great deal of work has been done on the permeability of the plant 
cells, and on the factors influencing the diffusion of different plant ma- 
terials, but among the many theories presented no one theory can be found 
to explain this phenomenon satisfactorily. It has been supposed that in 
the diffusion of different compounds through the cell wall, the Van^t Hoff 
rule is not applicable. It was supposed furthermore, that besides the 
osmotic permeability there exists “selective permeability^^ (15), which 
would permit the diffusion of compounds like sugars and some amino-aeids. 
It has been observed that toxic materials of presumably high molecular 
weight arc put out from cells which contain concentrated solutions of com- 
pounds of low molecular weight, but which do not pass out of the cell at all. 
The passage of enzymes through cell walls is no doubt a complicated matter. 
A few papers dealing with the diffusion of enzymes through collodion and 
similar membranes have been published but very little has been done on 
the diffusion through cell walls. 

In an earlier paper the author pointed out that the formation of enzymes 
bore a most intimate relationship with the necessity of the organism for 
them (10). In the case of a sucrose medium the saccharase was presumably 
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produced by the mold for the purpose of splitting the sucrose into simpler 
compounds which possibly could be more easily utilized by the mold than 
sucrose. It is entirely possible that the mold is not able to use sucrose at 
all, since in the case of a sucrose medium saccharase is produced quite gen- 
erally. If the saccharase is produced by the cell for the purpose of splitting 
sucrose it is easy to understand that the amount of enzyme required should 
decrease after most of the sucrose of the medium has been converted into 
invert sugar (11). 



Fig. 2. The relation between sucrose and saccharase content of growing PenicilUum 
glaucum cultures. (Grown on 50 cc. of 5 per cent, sucrose solution, 
containing 0.25 per cent, asparagin and inorganic salts.) 
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It is to be seen from fig. 2 that the greater part of the sucrose of the 
medium was inverted in the interval between the second and fourth day. 
In fact 63 per cent, of the total sucrose content of the medium had disap- 
peared during this period. It is also to be seen that the saccharase content 
of the cultures was the highest at the fourth day of growth. After the 
greater part of the sucrose was converted into invert sugar the saccharase 
content decreased abruptly. It is interesting to note that a small amount 
of sucrose (or another polysaccharide?) is present even after sixteen days. 
A very low saccharase activity is to be found at this same time. 

The results of the present experiments are not in harmony with those 
of the earlier investigators. Of course, the subject of their experiments 
has not been FenicilUum but Aspergillus niger, but the author is convinced 
that the difference is caused more by the method of investigation than by 
the organism used. 

The pH of the media in the experimental series in table II has been 
determined to be 2.9 on the second day. The discharge of the enzyme how- 
ever does not start until later, since on the second day no enzyme was found 
in the medium. This fact is in very good harmony with the results pre- 
sented in table I, where with the cultures grown on acid media, saccharase 
has been found in the nutrient solution. Iwanoff and Kudrjawzewa 
(p. 246) state that if cultures have been grown on a medium containing 
sucrose for four days, and to the medium oxalic acid is then added, no 
saccharase effect could be found after two or eight days. 

The writer, in an attempt to show this directly, tried to grow cultures 
(Penicillium and Aspergillus niger) in the presence of oxalic acid in the 
amounts used by the Russian authors but no growth could be obtained. 
The reaction of these solutions has been determined to be around pH 
1.25-1.70. Whatever saccharase is discharged to such a solution would lose 
its activity entirely in a very short time, because this high acid reaction 
has been shown to be very toxic to saccharase ( 4 ). Nelsont and Palmer 
( 14 ) observed that yeast saccharase is affected by a reaction of pH 4.6. 
P^urthermore, oxalic acid itself is known to be one of the most toxic of 
organic acids for molds (9). With these observations of others in mind, 
it is obviously impossible to say from the experiments of Iwanoff and 
Kudrjawzewa that the acidity alone of the medium used has prevented 
the saccharase from passing out of the mycelium into the medium. Even 
if any enzjmie should pass out, it would shortly become inactivated due to 
the high acidity, aggravated in this case by the toxic oxalate ion. 

In the experiments with growing cultures presented in this paper the 
reaction of the medium always turned acid with the exception of the 
experiments "with the peptone medium, where no definite saccharase effect 
could be obtained. It is to be seen from the first series, that the medium 
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of cultures grown at a pH of 6.3, 7.0 and 7.9 contained as much as 30 per 
cent, of the total saccharase content of the whole culture. The question 
whether this saccharase is discharged by the normal diffusion of uninjured 
cells or whether it is coming from the cells killed by the alkaline medium 
can not be decided from these experiments. 

To be able to make a study of the discharge at different pH reactions, 
without being disturbed by the different rates of growth of the mold, an 
experimental series has been carried out, the results of which are presented 
graphically in fig. 1. The results obtained are no doubt due to the opera- 
tion of a great many factors. The different parts of the curves should be 
explained in quite different ways, since the influence of the acid and 
alkaline medium is not identical. 

From the first experimental series as well as from these later experi- 
ments it can be seen that the mold without toluol discharges a great deal of 
its enzyme content to an alkaline medium. This observation is in harmony 
with IwANOFF and Kudrjawzewa^s results, who found that Aspergillus 
niger always put out more enzyme on an alkaline than on a neutral medium. 
On the acid side of this curve enzyme activity could be observed also. This 
is no doubt the result of a certain growth continued by the mold on the 
buffer solution. At the neutral reaction, a lower enzyme activity has been 
found. This reaction is certainly not favorable for the growth of the mold 
neither does it cause an increase of the enzyme by discharge nor by the 
plasmolysis of the cells. 

Quite different are the results of the experiments in the presence of 
toluol. If the mycelium of the mold is placed into buffer solutions on 
which there is some toluol, the toluol is in much more intimate contact with 
the mold than with a suspension of the mycelium in the autolytic experi- 
ments of Doby and Kertesz. Von Euler and B. von Euler-af Ugglas 
(3) established the fact, that the action of different protoplasmic poisons 
is quite diff’erent on living and non-living cells. They found that toluol 
killed the saccharase of Monilia, if living cells were exposed to it, but had 
only a very little effect, if dead (dried) cells were treated. The experi- 
ments here described show further that toluol is more toxic to the sac- 
charase at either acid or alkaline reaction than at neutral reaction. 

To make a further study of the effect of different treatments on the 
cells of Penicillium, microscopic sections have been prepared.^ Pliotographs 
(x 80) of some of these are presented on the accompanying plate VITT. No. 
I is taken from a section prepared from the mold which had stood on an 
acid buffer solution for two days without toluol. It can be seen that there 
is a secondary growth quite distinct from the mycelium which had been 

1 The writer's sincere thanks are due to Dr. Mabel Nebel and to Dr. Bernard B. 
Nebel for preparing these sections and photomicrographs. 
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formed on the original medium. There is also a rich spore formation to 
be seen. No. II is prepared from the mold from the alkaline solution 
without toluoL- The mycelium and the layer of spores are wrinkled and 
the hyphae are partly empty as a result of the effect of the alkalinity. In 
this sample the greatest discharge of the saccharase had been found. Plate 
VIII no. Ill is taken from the section prepared from the mold from acid 
solution with toluol. The structure in general is very badly affected by 
the toluol. No secondary growth can be seen and no plasma can be observed 
in the sporangia. The mold in alkaline solution and in the presence of 
toluol is even more drastically affected (no. IV). 

No doubt the present state of our knowledge is not sufficient to draw 
general conclusions in regard to the discharge or diffusion of enzymes. 
This can be done only after collecting more data and making further studies 
of this interesting as well as important phenomenon. 

Summary 

1. The discharge of saccharase in growing cultures of Penicillium 
glaucum has been studied. The highest enzyme content of the mycelium 
and medium has been found to occur on the fourth day of grow^th. Never 
more than one third of the total enzyme content of the culture has been 
found in the medium. 

2. The saccharase can pass into the culture medium even at acid 
reaction, but the rate of discharge is lower in an acid than in an alkaline 
medium. 

8. A marked decrease of the enzyme content of both mold and medium 
lias been observed after most of the sucrose present in the medium was 
inverted. 

4. \Vhen the mycelium of five-day-old mold containing saccharase 
(If = 31.6 X lO"'*) had been kept on a series of buffer solutions of pH^s 4.0- 
8.7, saccharase was detected in solution after two days in all cases. 
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EXPLANATION OP PLATE VIIT 

No. I. Section from five days old Penicillium glancvm, which stood in acid buffer 
solution (pH = 4.1) for two days. 

No. IT. Section from five days old Penidllhm glaucum which stood in alkaline 
buffer solution (pH = 8.9) for two days. 

No, III. Section from five days old Penicillium glaucum which stood in acid buffer 
solution (pH = 4.0) in the presence of toluol for two days. 

No. IV. Section from five days old Penicillium glaucum which stood in alkaline 
buffer solution (pH = 8.7) in the presence of toluol for two days. 
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LIGHT AND THE CAROTINOID CONTENT OF CERTAIN 
FRUITS AND VEGETABLES 

Laura Lee W. Smith and Ora Smith* 

Introduction 

While studying the relationship of vitamin A and carotinoid content 
of fruits ripened under controlled conditions, it became' evident that a 
consideration of this problem would not be complete without a study of the 
light factors involved. The object of this investigation w^as to find out, if 
possible, the effect of the exclusion of light from the developing fruits of 
various fruits and vegetables on their carotinoid content. That portion of 
the study of the relation of vitamin A to the carotinoid content wdll be pre- 
sented elsewhere in a separate paper. 

A search of the literature failed to disclose any work done on the effects 
of complete exclusion of light from the fruits of plants on their carotinoid 
content. 

OvKRiiOLSER ( 12 ), interested primarily in anthocyanin formation, ex- 
cluded light from the fruits of apples, pears, peaches, apricots and nectar- 
ines by means of black sacks and found that, in most varieties, no red color 
developed. The fruits were bagged, however, after chlorophyll had de- 
veloped in them. 

Material and methods 

The following kinds and varieties of fruits were selected for their dif- 
ferences in flesh and skin color and in pigment content : Elberta and May- 
flower peaches, Humboldt and Stanwdck nectarines, Royal apricots, Clarkes 
Albino, Ruby Gold, Globe, California Earliana and Gigante Ingregnoli 
varieties of tomato, 

I*REl»AKATION OF TREE FRUIT SAMPLES 

The Elberta is a deep yellow-fleshed peach; the Mayflower an early 
w hite-fleshed peach ; the Humboldt a yellow -fleshed nectarine ; the Stanwick 
a white-fleshed nectarine and the Royal a deep yellow-orange-fleshed apri- 
cot. These fruits were selected from the station orchards at University 
Farm, Davis, California. 

On March 31, 1928, the flowers and fruit w’ere bagged wdth manila bags 
lined wdth either a heavy sized black paper (skytogen) or a double thick- 
ness of high grade thin black paper. The apricots and Elberta peaches 

* These investigations were conducted at the University of California while the 
senior author was a member of the Household Science Department and the junior author 
connected with the Division of Truck Crops. 

205 
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had set at the time of bagging, the former being about one centimeter in 
diameter and the latter about 4 millimeters in diameter ; the petals of the 
nectarines and white peaches were beginning to fall. The bags were tied 
on over clusters of fruit and blossoms and not removed until harvested. 
The loss from drop was quite heavy with the Elberta peach and the Stan- 
wick nectarine, and it was necessary to bag fruit again during the early 
part of May. Bagged fruits and a similar quantity of unbagged fruits 
from the same location on the tree were harvested at the same time. 

The fruits were peeled, seeded, cut into small pieces and placed in small 
air-tight non-actinic glass bottles with glass inlet and outlet tubes. These 
bottles were then evacuated, the vacuum released with oxygen-free carbon 
dioxide and stored in the dark at -- 10° F. 

Preparation op tomatoes 

Jones and Rosa (7) state that the presence and distribution of pig- 
ments varies in different varieties of ripe tomatoes as follows: In lemon- 
yellow fruit carotin occurs in the pericarp, but the epidermis is colorless ; 
in orange-colored fruit, carotin occurs both in the pericarp and epidermis ; 
in pink fruit, lycopersicin occurs in the pericarp but the epidermis is color- 
less ; in the red fruit lycopersicin occurs in the pericarp and carotin in the 
epidermis and probably in the pericarp as well. Albino or white fruits 
lack all pigments. 

The varieties of tomatoes grown were Clark’s Albino, having medium 
sized fruit with pale yellow flesh and colorless skin; Ruby Gold, large fruit, 
deep yellow flesh with the locules outlined by deep red flesh, colorless skin; 
Globe, pink fruit with red flesh and pale yellow skin; California Earliana, 
medium red flesh and orange-yellow skin and Gigante Ingregnoli having 
small fruit of very deep red flesh and orange-yellow skin. The plants were 
grown at Berkeley, California, liandled in a commercial manner and pruned 
to one stem. 

The flowers were hand pollinated and bagged immediately in the same 
manner as the tree fruits were handled. The fruit samples also were pre- 
pared and stored in the same manner as the tree fruits. 

Determination op pigments 

As only relatively small quantities of fruits were available for analysis, 
a method of pigment extraction from wet samples was devised. Samples 
varying from 10 to 100 grams were analyzed. 

Preliminary extraction experiments with the Schertz ( 13 , 14 ) modifica- 
tion of Willstatter^s method for carotin and xanthophyll, the Will- 
statter and Escher ( 19 ) method for lycopersicin and the Lubimenko ( 9 ) 
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alcohol extraction method, were unsatisfactory because of the large quantity 
of fruit needed, and the loss in pigments due to the many extractions and 
drying. At the suggestion of Dr. J. H. C. Smith, of the Coastal Labora- 
tories of the Carnegie Institution of Washington, who had found pyridine 
(b. p. 112-115° C.) a good solvent for carotin, a method was devised using 
this solvent. It was possible by this method to use minimum composite 
samples of 10 grams. Extraction with pyridine should be performed under 
a well ventilated hood because of the poisonous fumes. Since there was no 
known method of separating lycopersicin and carotin quantitatively, except 
by fractional crystallization, these isomers were necessarily determined to- 
gether as the petroleum ether soluble pigments, Xanthophyll was deter- 
mined by treating the petroleum ether solution with 80 per cent, methyl 
alcohol. This pigment was present only in the green fruits in concentra- 
tions great enough to give any perceptible coloration. The method of 
SciXERTz (15) for the extraction and separation of chlorophyll, carotin 
and xanthophyll, was used to obtain the carotinoids from the green fruit. 
The depth of color in the petroleum ether solution of the carotinoids was 
determined with a Bausch and Lomb colorimeter of the Duboscq type. 

The description of the new method used for carotin and lycopersicin 
extraction by the use of pyridine is given in detail. 

A weighed sample of the material was triturated with washed and ig- 
nited sand and transferred to an Erlenmeyer flask. Pyridine (b. p. 112- 
115° C.) was added in 50-cc. portions, the first portion allowed to remain 
in contact with the material for 30 minutes, then decanted to a separatory 
funnel through a glass wool filter, retaining as much of the pulp as possible 
in the flask. Pyridine in amounts equal to about 15 times the weight of 
the sample was sufficient to remove all of the pigment. To the pyridine 
extractions in the separatory funnel were added equal volumes of petroleum 
ether (b. p. 40-60° C.) and acidulated water (equivalent to approximately 
normal sulplmric acid). The solution should stand from 5 to 40 minutes 
for complete separation of the two layers. Pyridine is miscible wdth water 
in all proportions and also forms a salt with the acid which facilitates its 
removal. About five washings with the acid are necessary to remove the 
pyridine completely. The petroleum ether layer then containing the 
carotinoid pigments was washed with distilled water to remove all the acid, 
or to the point when the liquid showed no further reaction to litmus paper. 
The petroleum ether solution was then filtered through a layer of anhydrous 
sodium sulphate and made up to a volume which produced a color nearly 
the same as that of the standard. Glass stoppered graduate cylinders were 
used for this purpose. 
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Willstatter’s 0.2 per cent, potassium dicliromate solution equal to 
0.0268 per cent, carotin, and the carotin color standard of Sprague ( 16 ) 
were adopted as the carotin color standards. The use of both these stand- 
ards was found necessary, the latter matching tlie color of the petroleum 
ether solutions obtained from the tree fruits and the former matching the 
petroleum ether solutions obtained from the tomatoes. 

The pyridine removed the lycopersicin from the tomatoes along with the 
carotin and xanthophyll, giving a petroleum ether solution which pre- 
sumably contained all the pigments. It was observed that during these 
extractions the pyridine removed the yellow pigments first; on further 
addition of pyridine the red pigment was removed, giving a deep orange-red 
color to the extracts. No further attempt was made to identify the pig- 
ments in the first and the last extractions by pyridine, but this appeared 
to be a possible means of separating these pigments without resorting to 
fractional crystallization. Jones and Rosa (7) and Howard (5) mention 
only two pigments present in tomatoes, the red lycopersicin and the yellow 
carotin. Since the lycopersicin and carotin in the petroleum ether solu- 
tion were not separated, the results arc expressed as milligrams of carotinoid 
per 1,000 grams of fruit on the assumption that the t^vo isomers may exert 
the same effect. 

It was necessary to discontinue the use of the pyridine method because 
of the poisonous effects of the fumes. The remaining fruit was analyzed 
by a modification of the Lubimenko extraction method. This method con- 
sisted of extracting the pigments from the finely ground pulp with hot 05 
per cent, ethyl alcohol ; the alcoholic extractions in a separatory funnel were 
cooled and petroleum ether added in 50-cc. portions. The carotinoids were 
obtained in the petroleum ether layer by diluting the alcoholic extractions 
wnth water. The combined petroleum ether extracts were filtered through 
anhydrous sodium sulphate and the depth of color determined as in the 
pyridine method. These two methods agree within 0.001 mg. per gram of 
fruit using tlie Willstatter standard. 

The moisture content of the fruit samples was determined by drying to 
constant weight in vacuo at 58° C. The pH of the fruit juices was obtained 
by the Hildebrand electrometric set up as described by Clark ( 1 ). 

Results 

Tree fruits 

None of the bagged fruits developed the characteristic blush on the 
cheek. The skin was thinner and slipped more easily from the flesh, and 
the Elbert a and Mayflower peaches were almost entirely devoid of the 
characteristic fuzz. The flesh was firm, separated easily from the pit and 
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had the same flavor as the unbagged fruit. No difference in size of the 
bagged and unbagged fruits was noticeable. On removal from cold 
storage, all the fruits were in good condition, but on exposure to air the 
bagged white peaches did not oxidize as rapidly as the unbagged. This 
difference was observed in all other cases of bagged fruits, but none 
remained unoxidized in the air as long as the bagged white peaches. 
Table I gives the results of the determinations of moisture, pH and 
carotinoid content of the fruits. 


TABLE I 

Moisture, pll and carotinoid content or the tree fruits 


Fruit and variety 

Color 

or FLESH 

Light 

conditions 

Moisture 

pH 

Carotinoid 
PER 1,000 
OM. fruit 

Peach, Elberta 

yellow 

bagged 

per cent. 

4.31 

mg. 

11.0* 

ti (( 

t i 

3/31/28 

bagged 

85.6 


8.2 

a n 

i i 

6/9/28 

unbagged 

85.8 


1.9 

‘ ‘ Mayflower 

white 

i 

bagged 


4.50 

no color 

(( (( 

< t 

3/31/28 

unbagged 

1 

4.39 

no color 

Nectarine, Humboldt i 

yellow 1 

bagged 

83.3 

4.02 

5.9 

a ti 

i i 

3/31/28 

unbagged 

87.3 

4.22 

7.2 

Nectarine, Stanwick 

white I 

bagged 


4.51 

no color 

ti it 

i 

i t ! 

3/31/28 

bagged 

82.9 

4.06 

no color 

it a 

1 1 

5/10/28 

bagged 

80.4 

4.14 

no color 

it i » 

t i 

6/9/28 

unbagged 

79.7 

4.17 

no color 

Apricot, Eoyal 

yellow 

bagged 

85.9 

4.17 

8.4 

ti it 

i i 

3/31/28 

unbagged 

82.2 

4.13 

21.7 


* These figures are averages of from 2 to 10 separate determinations. 


The petroleum ether soluble jiigments are calculated as carotinoids 
although in no case was xanthophyll found in appreciable quantities. The 
absence of light appears to favor the development or maintenance of the 
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carotinoids in the yellow Elberta peach as the bagged fruits have higher 
carotinoid content than the* unbagged and the earlier they are bagged the 
higher the content of these pigments. This is not true with the other yellow 
fruits (Humboldt nectarine and Royal apricot) since the absence of light 
decreases the content of the fat soluble pigments. The carotinoid content 
of both bagged and unbagged fruits of the white fleshed nectarine and 
peach was not great enough to be measured by the method used. 

Guthrie ( 4 ) found that with tomato and soybean plants grown in the 
dark several days, the chlorophyll content of the leaves decreased but the 
carotinoids remained the same. He found also a large increase in the 
carotin-xanthophyll ratio, which appeared to be due to a decrease in 
xanthophyll and an increase in carotin. If there is a change of xanthophyll 
to carotin this may affect the colorimetric readings in which all of the 
carotinoids are measured as a group and not individually. Guthrie also 
showed that reducing the light intensity to 12 per cent, of normal sunlight 
resulted in an increase in chlorophyll and carotinoids. 

Perhaps the factors which govern the carotinoid formation or destruc- 
tion in one variety of fruit are more readily catalyzed or depressed by light 
changes than in the others. In some varieties of fruits, light or certain 
wave lengths of light, may exert a destructive influence on the carotinoids 
during their formation or destroy them after they are formed. The ex- 
clusion of these light waves by bagging may therefore result in a higher 
carotinoid content, as was found in the Elberta peach. It was also shown 
that in some of the fruits, especially the peaches, the bagged fruits when 
exposed to the air, oxidized much more slowly than the unbagged fruits. 
If this oxidation destroys some of the pigment, bagging the fruits Avould 
result in a higher carotinoid content, other factors being equal. 

Tomato fruits 

No differences were detected in the flavor or texture of the bagged and 
unbagged fruits. The mature bagged fruit was more evenly colored than 
the unbagged fruit. During the ripening, there was no evidence of chloro- 
phyll formation, the fruit being pure white and gradually shading into the 
yellow or red as it approached maturity, indicating that chlorophyll forma- 
tion in the fruit is not necessary for the normal coloring of tomato fruits. 
Kraus ( 8 ), who was the first to work along this line, sought to show that 
the yellow color of the tomato and the rose was originally green, and that 
the yellow color originated from the green, also that the green chlorophyll- 
containing bodies, with or without a continuation of form, acquired a yellow 
color. The Tobler’s ( 17 ), working with the fruit of Momordica halsamina, 
decided that throughout the ripening process the formation of carotin was 
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connected with the decomposition of chlorophyll. Lubimenko (9) believed 
that lycopersicin appears after the decomposition of the chlorophyll. He 
states that lycopersicin does not exist within the chloroleucites of the fruit 
before the decomposition of chlorophyll. Later (10) the same author found 
during the conversion of chloroplasts into chromoplasts, that chlorophyll 
and the accompanying pigments were decomposed, yellow pigments accumu- 
lated and then underwent alterations. He maintained that light was no 
longer necessary for the formation of lycopersicin after the chlorophyll had 
been formed. The present work shows that both light and chlorophyll, 
directly are unnecessary for the formation of lycopersicin in the fruit. 

Dugoar (2) found that the development of lycopersicin in the tomato 
is preceded by the paling and ultimate disappearance of the chlorophyll 
and that a yellowish or orange cast followed in the chloroplastids. Mature 
bagged fruit of Clark’s Albino was almost white with a faint tinge of 
yellow instead of the deeper yellow of the unbagged fruit while the deposits 
of color of Euby Gold were a deep red instead of the deep yellow of the 
unbagged fruit, indicating a probable greater increase of lycopersicin than 
of carotin. There was no apparent difference in the color of the mature 
bagged and unbagged fruit of the red fleshed varieties although the latter 
l)assed through the chlorophyll stage while the former remained white in 
the immature stage. Table IT shows the results of the determinations of 
moisture, pH and carotinoid content of the fruits. 

The five varieties used in these analyses can be separated into two groups 
with respect to their carotinoid content accompanying changes in exposure 
to light. Clark’s Albino, having pale yellow flesh and Ruby Gold, 'wdth 
deep yellow flesh, show an increase in carotinoid content of the bagged over 
the unbagged fruits. Both of these varieties have colorless skins. Es- 
pecially with Clark’s Albino it appears that light may exert a destructive 
influence on the pigment content of the fruits, the mature green and 
ethylene ripened (in the dark) fruits having a greater carotinoid content 
than those exposed to light until maturity. Wiesner (18) observed that 
potato sprouts which formed in the light showed little if any yellow pig- 
ment while those formed in the dark developed from 30 to 150 per cent, 
more pigment. Elpving (3) and Immendorff (6) found that carotinoids 
increased greatly in leaves under conditions which depressed chlorophyll 
formation, that is, low temperature and very diffuse light. The fruits of 
Clark’s Albino grown in the greenhouse, resulting in reduced light and 
with the shorter wave lengths removed, also had higher content of the 
carotinoids than those grown outside and exposed to the full sunlight. In 
the second group, composed of Globe, having red flesh, California Earliana, 
of medium red flesh and Gigante Ingregnoli with deep red flesh the un- 
bagged fruits, both outdoor and greenhouse grown, have a higher carotinoid 
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content than the bagged fruits, suggesting that light is directly related to 
carotinoid development or preservation in these varieties. The varieties of 
this group have colored skins although that of the Globe variety is very 
pale yellow and often classified as colorless. 

The fruit of the Globe variety analyzed at the various stages of imma- 
turity had low carotinoid content. In only one case (Gigante Ingregnoli) 
was the carotinoid content of greenhouse grown fruits higher than those 
grown outside. The differences in the hydrogen-ion concentrations of 
bagged and unbagged fruits also should receive consideration. With one 
exception, Clarkes Albino, greenhouse grown, where there is but 0.02 pH 
difference, the bagged fruits have a higher pH than the unbagged ones. 
It appears highly probable that these changes in hydrogen-ion activity may 
affect the enzyme activity and other metabolic action of the fruit which 
would alter their pigment content. The differences in carotinoid content 
between greenhouse and outdoor fruits grown at Berkeley, where very little 
ultraviolet rays reach the outdoor grown plants, may be altered if grown 
where more of these rays reached the plants. However, light on the fruit 
is unnecessary for the production of carotinoids in those fruits. 

Duggar (2), using green fruits which had been exposed to light until 
almost ready to turn color, showed that light was unnecessary for the 
normal pigmentation of red tomatoes. 

It is possible that part of the variation in the pigment content reading 
was due to the changing relative amounts of carotin and lycopersicin 
present which were extracted and determined unseparated. Willstatter 
and Escher (19) and Monteverde and Lubimenko (11) have shown that 
the principal pigment in the tomato is lycopersicin although carotin is 
j)resent in small amounts. 

Summary 

L A new method is described for the extraction of the carotinoid pig- 
ments from fresh tissue using pj^ridine (b. p. 112-115° C.) as the solvent. 

2. Peaches, apricots and nectarines bagged in the blossom stage and 
developing in total darkness do not oxidize as rapidly when exposed to the 
air as those developing in full light. 

3. The bagged Elberta peach developed a higher carotinoid content 
than the unbagged while the reverse was true of the Humboldt nectarine 
and Royal apricot. The Mayflower, white fleshed peach, and Stariwick, 
white fleshed nectarine, contained such small quantities of the carotinoids 
that no quantitative determination could be made. 

4. During the ripening of tomato fruits in total darkness no chlorophyll 
developed. The fruits were pure white and gradually shaded into the 
yellow or red as they approached maturity. When mature, the bagged and 
unbagged fruits of the red varieties were the same color. 
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5. Mature bagged fruit of Clark’s Albino was almost white with a faint 
tinge of yellow instead of the deeper yellow of the unbagged fruit. The 
localized deposits of color of Buby Gold were a deep red instead of the 
deep yellow of the unbagged fruit. 

6. Fruits of Clark’s Albino and Ruby Gold, having pale yellow and 
deep yellow flesh, respectively, show an increase in carotinoid content of 
the bagged over the unbagged. Fruits of Clark’s Albino grown in the 
greenhouse also had a higher content of carotinoids than those grown 
outside. 

7. Both the outdoor and the greenhouse grown fruits of the three red 
fleshed varieties had a lower carotinoid content when bagged. 

8. With one exception, greenhouse grown Clark’s Albino where there 
was but 0.02 pH difference, the bagged fruit had a higher pH than the 
unbagged fruit. 

Department op Vegetable Crops, 

Cornell University, 

Ithaca, N. Y. 
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STUDIES ON INANITION IN ABACHIS AND PHA8E0LV8 

G . M . S H £ A E 

(with four figures) 

I. Introduction and literature 

The changes that occur in organisms during starvation or inanition have 
been the subject of many investigations by animal and human physiologists, 
but very little has been done with plants, and the botanical literature on 
this subject is consequently very meager. Even workers on the animal side, 
Jackson (7) and Howe (6), have noted this and have expressed the desir- 
ability of a more thorough understanding of the effects of inanition on 
plants. It is only through studies of many organisms under varying con- 
ditions that we may hope to get at the fundamental likenesses and differ- 
ences in the metabolism of plants and animals. The i)urpose of this paper 
is to add to our knowledge of the changes that take place in plants during 
inanition, induced by the checking and removal of the food supply stored 
in the cotyledons. 

Inanition in its broadest sense refers to the subsistence of an organism 
on one or more of the essential mineral or organic substances contained 
within its body. Morgulis (13) divides inanition into three main types, 
physiological, pathological, and experimental. The first refers to a normal 
condition in the life cycle of an organism, such as hibernation in animals. 
The second is the result of an organic derangement produced b}^ some dis- 
ease. The last is the withholding of nutriment, generally for the purpose 
of scientific studies. The latter two produce very marked changes from the 
normal functioning of the organism, the extent of these depending on the 
severity of the inanition. Jackson (7), on the other hand, dmdes inanition 
into total or quantitative and partial or qualitative, each^^B|^ groups 
being, in turn, divided into complete and incomplete inani^^PBHe con- 
siders plants growing in distilled water in the absence of light as being 
subjected to conditions of total inanition. 

Starvation considered from the most widely accepted standpoint con- 
sists merely of the withholding of organic matter from an organism 'and 
the author uses it in that sense. The availability of inorganic salts is of 
little or no direct consequence in prolonging life in the absence of food. 
Therefore unless an organism has an excessive amount of food stored up, 
the salts which it contains will be sufficient to more than supply its needs 
until it dies from lack of food, or from a disruption of its metabolic proc- 
esses due to the depletion of its food supply. Prom a physiological point 
of view however, an organism is not actually starving until its food supply 
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has been depleted to an extent that causes a derangement of its normal 
metabolic functions. A seedling growing in the dark in the absence of 
extraneous organic material grows normally until it is well above the 
medium in which it is planted. Pearl, Winsor, and Miner ( 16 ) found 
that the rate of increase in the length of shoots of muskmelon seedlings 
grown in the dark on agar at 30° C. was very rapid for about ten days. 
This was followed by a rapid falling off lasting about two days, after which 
elongation ceased. Starvation as effecting shoot elongation made its first 
appearance in approximately ten days. These first stages of growth in 
seedlings might be classified under the heading of physiological inanition as 
given by Morgulis ( 13 ) . 

In discussing fasting Howe (5) says that the fat available in an organ- 
ism exerts a marked effect upon the metabolism. ‘ ‘ So long as there is suffi- 
cient fat in the organism to supply the energy requirements, the protein 
metabolism will remain at a minimum. When, however, the fat deposits 
are depleted, the body is forced to use protein to furnish the necessary 
energy. The result is a more rapid protein consumption and an early 
death. ^ ^ 

According to Jackson (6), plants, much more than animals, appear 
susceptible to modification by various external factors including the food 
supply. Sooner or later during inanition in all living organisms the cells 
pass from a stage of simple atrophy into a condition of degeneration. The 
recovery is thus seen to be dependent upon the progress of inanition. 

Hottes ( 4 ) in his cytological studies of starving seedlings of the broad 
bean, Vicia faha, found that there was an increase in vacuolization and that 
the cytoplasm became so attenuated that it was barely visible as a narrow 
band in close contact with the cell wall. The quantity of chromatin also 
was reduced. He found that the primordia of the secondary roots ceased 
development, as the food is utilized by the active cells at the tip of the 
main root. 

CoupiN ( 2 ) found that seedlings grown in distilled water in darkness 
lived various lengths of time. He reports that seedlings of the nut pine 
grown in this way lived 60 days; those of pumpkin 46 days; of winter 
vetch, 44 days; of lentil, 40 days; of marvel of Peru, 39 days; of pea, 33 
days ; of bean, 32 days ; of sunflower, 30 days ; of buckwheat, 25 days ; of 
radish, 24 days ; of nasturtium, 23 days ; of spinach, 22 days ; of tomato, 21 
days ; of beet, 20 days ; of common cress, and mustard, 18 days. He attrib- 
utes this ‘‘resistance to inanition ’’ as being due especially to the quantity 
and quality of the reserve material in the seed. 

Bouygues ( 1 ) and von Portheim ( 17 ) have studied certain phases of 
starvation in the seedlings of Phaseolus vulgaris. Both workers found that 
seedlings without cotyledons developed into much smaller and weaker plants 
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than those with cotyledons. The former claims that there is a balance 
maintained between the root and shoot of the check and starving seedlings. 
The latter found that the length and number of internodes developing 
corresponds to the reserve material, originally at the disposal of the seed- 
lings. He noted a growth acceleration in the hypocotyl of seedlings with 
one or part of both cotyledons removed, which he attributed not to a stimu- 
lation from wounding, but to nutritional disturbances brought about by the 
lowering of the amount of reserve food. This phenomenon has been given 
the name hunger etiolation by Noll ( 14 ). 

II. Materials and methods 

Seedlings and embryos of the Spanish peanut, Arachis hypogaea, and 
seedlings of the common garden bean, Phaseolus vulgaris, were used. 

Seeds weighing more than 0.550 grams were treated for forty-five 
minutes with a 0.025 per cent, solution of Uspulun, and from them the 
cotyledons were removed in a steamed cabinet to insure sterile conditions. 
The embryos were placed in test tubes containing approximately 15 cc. of 
1.5 per cent, sterile agar. The tubes were kept in a dark room at an 
average temperature of 22° C. At two day intervals sets of four embryos 
were placed five feet beneath an 1834 candle power light to test for chloro- 
phyll formation. The intensity of the chlorophyll was determined at the 
end of the first and second days of exposure, by a comparison with Ridge- 
WAY^s color charts ( 20 ), 

The seeds used in the growing of seedlings were selected so as to fall 
within five per cent, of the average air dry weight of a random sample of 
seeds. This was 0.500 to 0.550 grams for peanuts and 0.400 to 0.440 grams 
for beans. These seeds were kept in a covered can in a desiccator without 
a drying agent so as to maintain the original moisture content. Samples of 
these seeds were dried and the moisture content and seed-coat weight 
determined. The average of these two was for peanuts 33 ±: 0.435 and for 
beans 74 ±: 0.672 mg. From these the calculated dry weight and seed-coat 
weight of each individual seed was determined. 

Seedlings for the determination of chlorophyll formation were grown 
in glass jars in pure silica sand, six seedlings to a jar. These were grown 
at the same temperature as the embryos. The cotyledons were removed 
from half of the seedlings after six days. At two day intervals until 
chlorophyll ceased to form in the starving seedlings, one jar of each with a 
check jar was placed beneath an 1834 candle power light. The tops of the 
seedlings were approximately four feet from the light. Determinations of 
the chlorophyll intensity were made at the end of one and two days, as with 
the embryos. The seedlings being susceptible to injury from excessive 
transpiration had to be kept at a humidity above that of the room. This 



280 


PLANT PHYSIOLOGY 


was accomplished by placing the jars in which the seedlings were growing 
in a tub, the bottom of which was kept covered with water, and over this 
another tub was inverted. The jars of plants under the light were also 
placed in a tub containing water. 

In the experiments to determine loss of weight during inanition, weight 
records of individual seeds were kept. The seedlings were grown in glass 
jars filled with pure silica sand containing 50 per cent, of its water holding 
capacity. Eight jars containing a total of thirty seeds constituted a set 
and were grown in a wash boiler with a ventilated top. All sets were 
grown at 23° C. and the cotyledons were removed from half at the end of 
six days. They were then grown for different lengths of time, some sets 
at 23° C., others at 30° C. 

To prevent undue oxidation of the peanut oil at high temperatures, all 
of the drying was done in a vacuum oven at 75° C. until a constant weight 
w^as reached. 

Some difSculty was encountered in securing the dry weight of roots of 
seedlings grown in quartz sand. It was found impossible to remove all of 
the sand from the roots by merely washing them. It was therefore neces- 
sary to get the weight including the sand which adhered to them, then burn 
the material, wash off the ash, and get the weight of the sand. In many 
instances the sand weighed more than the roots. Some investigators have 
ignored the sand that adheres after washing and consequently have intro- 
duced a big source of error. 

Ether extract determinations by means of a Soxlilet extractor were made 
on starving and check seedlings of the peanut. These were grown at 23° C. 
as in the preceding experiments and determinations made on groups of ten 
plants at two day intervals for a period of from six to eighteen days. The 
seedlings were dried, ground in a mortar, and then dried again for several 
hours before weighing. Porous bottomed crucibles were used to hold the 
material, instead of paper extraction thimbles as they are much easier to 
handle and the chances for error in weighing are less. After extraction 
for twelve hours the material was dried and reweighed. 

III. Results and discussion 

Chlorophyll formation and growth of peanut embryos 

It is a well-knowm fact that many plant embryos have enough inherent 
vitality to grow and form chlorophyll. The length of time that this will 
occur after growing in the dark, and the intensity of the greening, are indi- 
cations of physiological readjustments to meet the demands of growth and 
maintenance. 

From the twelfth day of growth through the twentieth day there is a 
gradual decrease in the intensity of the greening characterized by changes 
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TABLE I 

Intensity op chlorophyll in peanut embryos 


Growth period 

Time in light 

Color 

days 

hours 


10 

24 

Scheele 's green 


48 

Scheele *s green 

12-14 

24 

Green-yellow 


48 

Scheele ’s green 

16 

24 

Viridine green 


48 

Scheele green 

18 

24 

Viridine green 


48 

1 Scheele ’s green 



3 Viridine green 

20 

24 

Light viridine green 


48 

Viridine green 

22-35 

24 

Pale cendre green 


48 

Viridine green 

38 

24 

Pale cendre green 



1 no chlorophyll 


48 

Viridine green 



1 no chlorophyll 


in both hue and tone (table I). The hue becomes greener and the tone 
lighter. A gradual decrease in the intensity of the yellow could be noted 
at the time the embryos w^ere placed in the light. This decrease in yellow 
pigment, probably carotin, was responsible for the change in hue. Prom 
the twentietli to the thirty-eighth day at which time the embryos start 
losing their ability to form chlorophyll the rate of greening remains con- 
stant. At first the epicotyl and leaflets turn green, but there is a gradual 
decrease in the area of greening in the leaflets from their tip to base, and 
in the final stages of chlorophyll formation only the epicotyl and base of 
the leaflets turn green. 

The embryos practically cease elongation after four weeks. Measure- 
ments taken on twenty-six of them after thirty days gave an average shoot 
length of 2.0 cm. and a root length of 5.9 cm. The shoot length represents 
mostly hypocotyl as the epicotyl is not more than 1 or 2 mm. in length. 
Most of the embryos produce one to several secondary roots which show 
their great vigor. As shown by Hottes in Vida faha and by some pre- 
liminary work of the author with beans, peas, pumpkin, and squash, the 
removal of the cotyledons during germination and before the secondary 
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root primordia have reached too advanced a stage, inhibits their further 
development. 

The embryos with excised cotyledons grown to find out how long they 
were capable of living, probably died from desiccation rather than inani- 
tion. One, however, lived for one hundred and forty days before the agar 
dried up. This, when compared with the length of life, (twenty some 
days), of peanut seedlings whose cotyledons were removed after six days^ 
growth, shows that the rate of metabolism at the time that starvation is 
induced has a marked effect on the length of life. The embryos are able to 
utilize their small reserve of food much more economically than seedlings 
with a much greater reserve. From these results it would seem that Howe’s 
(6) statement, “adult organisms can fast longer than the young of the 
same species” does not necessarily hold for plants. 

Chlorophyll formation in seedlings of the peanut and bean 

The intensity of greening at different periods of growth is shown in 
table II. As in the embryos there is a decrease in the amount of yellow 
pigment in the starving seedlings. After seventeen days in the case of the 
beans and nineteen for peanuts with the cotyledons removed, chlorophyll is 
ho longer formed or at least not in quantities large enough to be detected 
by the method used. With the advance of inanition it is always the young- 


TABLE II 

Intensity of chlorophyll formation in seedlings 


Growth period 

Light 

(^OliOR, COTYLEDONS 
REMOVED 

Color, (hieck 


1 Peanuts 


days 

hours 



15 

24 

Viridine green 

Scheele ^s green 


48 

Scheele 's green 

Cossack green 

17 

24 

Light yelloW‘greon 

Scheele ^s green 


48 

Green-yellow 

Grass green 

39 

24 

Pale greenish-yellow 

Scheele ’s green 


48 

Pale greenish -yellow 

Grass green 


72 

Pale greenish -yellow 

Grass green 


BfJ 

ANS 


15 

24 

Light yellow-green 

Yellow-green 


48 

Colliste green 

Scheele ^s green 

17 

24 

Light greenish-yellow 

Green-yellow 


48 

Light greenish -yellow 

Scheele ’s green 

19 

24 

Light greenish-yellow 

Scheele ^s green 


48 

Light greenish-yellow 

Scheele ^s green 


72 

Light greenish -yellow 

Scheele ^s green 
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est leaves that show the most intense greening, and that retain the power 
of forming chlorophyll the longest. The older leaves gradually eease form- 
ing chlorophyll from their outer edges toward the base. In order to obtain 
as much uniformity as possible all color determinations were made from the 
yc'ungest leaves. 

As Palladin (15) states one of the prerequisites for chlorophyll for- 
mation is the presence of soluble carbohydrates. The ability of the seed- 
lings to form chlorophyll and the amount of chlorophyll formed are un- 
doubtedly an index of the available carbohydrates and therefore indicate 
the progress of starvation. This is substantiated by the fact that the older 
leaves failed to form chlorophyll while the younger ones were still capable 
of doing so. The soluble carbohydrates would be used up in the older leaves 
or transported to the younger ones, thus depleting their supply first, 

Groavth of peanut and bean seedlings 

As stated in the methods, thirty seeds were planted in each set, half of 
them to be used as checks. This was done to assure at least ten plants for 
each group. Little difficulty was experienced with peanuts as can be seen 
from the number of seedlings in each group. Most of the loss came through 
lack of germination. The greatest difficulty experienced with beans was the 
tendency for them to come up with one or both cotyledons broken off. The 
main root in some of the beans could not free itself of the seed-coat, thus 
making the seedlings worthless. A few^ seedlings because of their abnormal 
growth w^ere discarded. 

Six days after planting w^as selected as the time for the removal of the 
cotyledons from the seedlings to be starved, since at that time the cotyledons 
of the peanuts were just above the surface of the sand. The dry w^eights 
obtained from the starving plants show that there is considerable variation 
in the actual weight of the seedlings from different sets at the time of 
cotyledon removal. This makes direct comparisons of different sets difficult 
in some cases although the relationships expressed in percentages negates 
such variations to a great extent. 

Beans elongate more rapidly than peanuts during the first six days of 
growdh (tables III and IV), although the average dry w^eight of the seed- 
lings is practically the same. This means that the peanuts are much more 
stocky than the beans. This stockiness is due to the thick cortex of the 
hypocotyl. Waldron (21) in his >vork on the peanut says that the hypo- 
cotyl often becomes thick and fleshy in its cortex. “This is more marked 
when growth is retarded from some cause and then the low^r end becomes 
tuberous from a deposition of sugar. The roots of such are not able to 
utilize the food as fast as it is supplied from the seed. '' That the cortex of 
the hypocotyl is a reservoir of available food for the seedling is clearly 
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shown in fig. 2 by the wrinkled and withered condition of this region after 
the food has been utilized during inanition. This wrinkling occurs pro- 
gressively from the upper portion of the hypocotyl toward the base. 

The secondary roots of the peanut were less than a centimeter long at 
the time of cotyledon removal, whereas, in the bean there were usually four 
secondaries that w’ere several centimeters long. During the course of inani- 
tion the secondaries of the peanut increased in number and the first ones 
reached a length of from 2 to 3 centimeters, (fig. 1). In the bean the four 
original secondaries more than doubled in length while none of the others 
developed far beyond the primordial stage. 



Fig. 1. Peanut seedlings after eighteen days growth at 23° C. Check plants at the left, 
at the right plants from which the cotyledons were removed after six days. 

The general appearance of the starving plants was found to agree with 
the observations of von Portheim ( 17 ) and Bouygues ( 1 ). They were 
.smaller, developed fewer and shorter internodes, and produced fewer and 
smaller leaves. The hypocotyls of the starving peanuts were slightly 
longer than were those of the checks (fig. 2). Von Portheim found this to 
be true of bean seedlings with one or parts of two cotyledons removed, 
although, as confirmed by the author, beans with both cotyledons removed 
did not show this phenomenon. 
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Fig. 2. A detailed view of the hypocotyls of four of the seedlings shown in figure 1. 

Note the wrinkling and etiolation of the starving seedlings at the right. 

Tlie ability to adjust themselves to abnormal conditions seemed to be 
greater in the starving peanuts than in the checks. The check seedlings 
growing at 23® C. began developing translucent (watery) areas around the 
outer edge of the oldest leaves after fourteen days. These areas continued 
to enlarge and were apparently due to a “water logged’’ condition of the 
tissues. Upon exposing such plants to the dryer air of the laboratory these 
areas dried and turned brown, showing that the cells in such areas were 
dead. The starving seedlings failed to show this injury and were in good 
condition upon removal. Peanuts grown eight days at 30° C., after the 
removal of the cotyledons from half of the plants, showed a different type 
of injury. On the fifth day at 30® C. the terminal buds of all but two of 
the checks were dead and appeared black, whereas the starving plants 
showed no injury. At the time of removal of the set the terminal buds of 
the starving seedlings appeared straw colored and watery. 

With regard to elongation in the peanuts, the roots seem to be the first 
to be affected by inanition. Even on the tenth day they were much shorter 
than those of the checks (table III). The shoots elongate at approximately 
the same rate through the tenth day, after which the checks greatly outclass 
the experimental plants. 

The increase in seedling weight of the checks, (cotyledons excluded), 
was very rapid through the fourteenth day, after which the rate of transfer 
of food from the cotyledons was practically balanced by the loss through 
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respiration during the next four days. The cotyledons still contained a 
small amount of food on the eighteenth day. Due to variations in the 
weight at the time of cotyledon removal no direct comparisons of the starv* 
ing plants can be made. 

After six days’ growth the peanut seedlings showed an average loss in 
weight, (based on the calculated dry weight of the seed minus the average 
seed-coat weight), of 3 mg. (table III). The loss in weight of the seedlings 
without cotyledons showed a steady increase, while the average loss for the 
checks at ten days was 0 mg. From this time on to the end of the experi- 
ment the checks showed a very rapid loss. Results for check seedlings 
between those of six and ten days gave an average gain of 4 mg. At this 
time the plants were quite large and the gain would have to be propor- 
tionally large to offset the loss through respiration. A gain in weight of 
seedlings from oily seeds has been recorded by several investigators. As 
early as 1855 Hellriegel (3) detected an increase in the weight of rape 
seedlings during the early stages of germination. Jegorow (8) found that 
the oil content and also the dry matter of Cucurhita maxima seedlings had 
increased at the end of six days’ growth. 

Tliis increase is undoubtedly due to the decomposition of the oily reserve 
which from Rhine’s (19) results seems to be necessary for translocation. 
This entails, first, hydrolysis, and then partial oxidation. In the first of 
these processes water is chemically combined at the rate of three molecules 
for every morecule of fat. Oxygen then combines with the fatty acids to 
form intermediate compounds such as sugar. These processes must have 
produced a large excess of readily available food between the sixth and 
tenth days of growth. 

Peanuts starved four days at 30'" C. show’ the same general tendency as 
those grown at 23 C. Their growrth is more rapid and consequently they 
lose more w-eight. The checks show a much greater loss than check seed- 
lings grown for the same period of time at 23° C. Because of the injury 
to the seedlings at this temperature, records on longer periods of growth 
could not be obtained. 

The length of the shoots of check beans growm at 23° C. increased rap- 
idh’ until the fourteenth day, after which it practically ceased (table IV). 
The shoots of starving seedlings showed the same tendency. The roots, 
however, in both groups showed very little elongation after the tenth day. 
The general tendency of elongation would therefore seem to be more depen- 
dent on the age of the bean seedlings than upon their food-supply. Peanuts 
did not show this. 

The changes in weight of the seedlings (exclusive of the cotyledons) 
was of necessity quite different as the checks will continue to increase as 
long as they can get sufficient food from the cotyledons, w^hile the others 
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will start losing when their supply of food is removed. The root and shoot 
weights of the checks was found to be proportional to their lengths. The 
root and shoot weights of the starving plants show that the root weight 
remained fairly constant, while most of the loss was from the shoot. 

The loss in weight of the checks was very rapid up to the tenth day and 
from then on it was much slower. This decrease in the rate of loss occurs 
at about the same time that the reserve food has been completely removed 
from the cotyledons and is an indication of inanition. The loss of weight 
in the starving plants only averaged 10 mg. in the twelve days of inanition 
as compared with 66 mg. loss for the checks during the same period. 

Both check and starving beans grown for six days at 23** C. and then 
transferred to 30° C., show a greater and more rapid shoot elongation than 
do those that are not transferred, but that are grown at 23® C. (table IV). 
They maintain the same relationship to each other regardless of their more 
rapid growth. 

The loss in weight of peanuts during the period of induced inanition at 
23° C. is approximately three times as great as for beans during the same 
period. The checks of both on the other hand lost practically the same 
amount during this time although the beans lose most rapidly from the sixth 
to tenth days while the peanuts lose most from the tenth day on. The 
peanuts in spite of the loss of their cotyledons have enough reserve food in 
their hypocotyls to maintain a higher rate of metabolism than beans under 
similar circumstances. The food from the bean cotyledons is translocated 
at a slower rate than it is from the cotyledons of peanuts. This accounts 
for the accumulation in the hypocotyl. 

That starvation upsets the normal ratio of root to shoot growth is clearly 
shown in figure 3, where the percentages of shoot weight and length to total 
weight and length are given. While weight is a more accurate measure of 
growiih than length, these show a consistent correlation with more of a 
tendency for the curves to converge in the length measurements. A very 
significant dilference in the reaction of peanuts and beans to inanition is 
shown by these data. In the peanuts the percentage of shoot weight and 
length to total weight and length is less for the starving seedlings than for 
the checks. This relationship is just the reverse for beans. When the 
results of the starving beans and peanuts with regard to percentage shoot 
weight to total weight are compared, as is shown in the following data, 

Beans 80.6 78.2 78.4 76.1 

Peanuts 80.5 78.5 78.8 76.8 

a remarkable uniformity is seen. It is probable that through the removal 
of the cotyledons the carbohydrate-nitrogen ratio is interfered with. Reid 
( 18 ) has shown, that the root-shoot ratio of different kinds of seedlings 
grown in the dark is more or less dependent upon their carbohydrate- 
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nitrogen ratio. Heedlings with a large relative amount of carbohydrates 
produce proportionally greater root systems. It would be interesting to 
determine this ratio for starving seedlings of beans and peanuts grown as 
described to see whether the same carbohydrate-nitrogen ratio in different 
plants is indicated by their having the same root-shoot ratio. 




Fia. 3. Upper graph, per cent, shoot length to total lengtli of peanut and bean seedlings 
grown at 23° C. Lower graph, per cent, shoot weight to total weight of 
peanut and bean seedlings grown at 23° C. 
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Oil content of peanut seedlings 

All of the determinations were made after discarding the cotyledons in 
order to make the checks comparable to the starving plants. 

The results shown in figure 4 give the per cent, of oil, as ether extract, 
that is found in the seedlings at two day intervals of growth from the sixth 



t'tmt 471 

Fio. 4. Per cent, oil in peanuts grown at 23® C. The bottom curve, legend on broken 
lines, represents the per cent, of oil in sunflower seedlings, after Matthes. 
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through the eighteenth day. A small percentage of the extract probably 
consists of cutin, and other ether soluble substances that are unavailable 
as food. This may explain the presence of over 1,5 per cent, extract from 
the starving seedlings at eighteen days when they have nearly reached the 
point of death. From the sixth to the eighth day the seedlings with their 
cotyledons removed show a marked decrease in oil content, followed by a 
slight rise during the next two days, after which there is a steady decrease 
up to the eighteenth day. Until the eighteenth day, the loss in percentage 
of oil in the check seedlings is more rapid than in the experimental plants. 
On the eighteenth day the per cent, is the same in both groups. As shown 
by figure 4, the loss shows a definite four day cycle, two days of decrease 
followed by two days during which the percentage remains practically con- 
stant. It is probable that the graph would not have shown as much regu- 
larity if different intervals of time had been used in making determinations. 
Shorter intervals would undoubtedly have given a very irregular curve as 
not all plants reach the same stage at tlie same time. The works of 
Maquenne (9) and Miller (11) show the effect of too long and irregular 
intervals of time upon oil determinations. Maquenne found the following 
percentages of oil in peanuts during germination : 51.39 at 0 days, 49.81 at 
6 days, 36.19 at 10 days, 29.00 at 12 days, 20.45 at 18 days, and 12.16 at 28 
days. Miller obtained the following results with sunflowers: 9.9 at 3.5 
days, 7.4 at 5 days, 3.8 at 7 days, 3.1 at 10 days, and 1.8 at 14 days. He 
(12) says that the per cent, of ether extract falls very rapidly, and after 
the cotyledons are above ground it remains almost constant. 

The more recent work of Matthes (10), part of which is represented 
in figure 4, shows that sunflowers have the same tendency as peanuts to 
give a decrease in the percentage of oil followed by a slight increase. It is 
also interesting to note that although the percentage of oil is higher in his 
determinations, due to his including the cotyledons, the time and intervals 
of fluctuation practically coincide with the results for peanuts. He also 
found a rather regular rise and fall in the percentage of some of the inter- 
mediate products of the decomposing oil. 

These results show clearly that the rate of oil consumption which should 
be a good index of metabolism is markedly reduced in seedlings with their 
cotyledons detached. During the early stages before the inanition becomes 
severe the oil pattern is the same as for the seedlings with an abundant 
food supply. Although they are unable to maintain this uniformity, they 
show themselves to be more conservative in the use of the oil at their dis- 
posal. 

IV. Summary and conclusions 

1. Peanut embryos growing at room temperature in darkness on sterile 
agar are capable of living more than four months. They cease elongation 
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in about four weeks and lose their ability to form chlorophyll after six 
weeks. 

2. Embryos of peanuts live longer and form chlorophyll for a longer 
time than seedlings of similar plants in which inanition has been induced 
by removal of the cotyledons after active growth has started. 

3. Seedlings of peanuts whose cotyledons have been removed after six 
days’ growth will form chlorophyll for a longer time than will seedlings of 
beans similarly treated. The gradual decrease in the intensity of greening 
is accompanied by a decrease in the amount of yellow pigment. 

4. The loss in weight of peanut seedlings with their cotyledons removed 
is nearly three times that of beans treated in the same way. This is due 
chiefly to the amount of excess food translocated to the hypocotyls previous 
to cotyledon removal. 

5. The per cent, of shoot length to total length and shoot weight to total 
weight in starving peanuts was found to be greater than for check plants. 
This relationship is just the reverse for beans. A very close correlation 
exists between the per cent, shoot weight to total weight of starving peanuts 
and beans grown at 23® C. 

6. Starving seedlings of peanuts utilize their oil reserve more economi- 
cally than the checks. After the first six days of inanition they were unable 
to maintain the regular fluctuations in the per cent, of oil that was shown 
by the check seedlings. 

The author wishes to express his sincere appreciation to Dr. C. P. 
Hottes for his suggestions and helpful criticism throughout the course of 
the work. 

Department or Botany, 

University or Illinois. 
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COMPARISON OF THE CHEMICAL COMPOSITION OF 
SOME MARINE ALGAE 

Margaret B. Butler 

Very few analyses of marine algae of the Atlantic coast have been 
reported in the literature as compared with those of the Pacific coast forms. 
There exist, furthermore, sharp differences in the type and abundance of 
species in these two regions. For Canadian waters of the Atlantic coast 
no analyses have yet been reported. The abundance of this material on 
the shores of the Maritime Provinces establishes it as a natural resource of 
possible importance. With this idea in mind analyses have been carried 
out on the more abundant forms for their content of substances of economic 
importance. In other words, the present report is intended as a survey as 
well as a comparison with the same or allied species to be found in other 
parts of the world. 

Until displaced in 1873 by the iodides of the great salt deposits, sea- 
weed was the world’s chief source of iodine. Yet during the stress of eco- 
nomic conditions imposed by the world war, it was reverted to as a com- 
mercial source of iodine in the United States. 

The United States Department of Agriculture also became interested in 
the production of potash from kelps and operated an experimental and 
demonstrational kelp products plant at Summerland, California, the ac- 
c(mnt of which appears in ‘^Potash, a review, estimate and forecast” 
(Wiley), and in a series of articles in the ” Journal of Industrial and En- 
gineering Chemistry.” It is interesting as having been one of the first 
utilized products of seaweed. 

The sale of dulce in certain localities as a human food and as a medici- 
nal lends interest to the determinations of the protein content calculated 
from the nitrogen i)resent. In connection with the use of seaweeds as cattle 
food, and fertiliser, nitrogen vies with potassium in importance. 

The difference between the additive figures for cellulose (crude fibre), 
protein and salts (ash), and the total solid content as determined by the 
moisture, may be taken as polysaccharide. A complete proximal analysis 
of six species of algae is thus presented in the following experimental 
section. 

Experimental 

Preparation of samples 

The samples used in the following analyses were composed of a number 
of plants collected at the same time from the same place. These data have 
been noted for each sample. Individual collections have been kept separate 
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on account of seasonal and ecological variations ; a number of plants have 
been included in order to make the samples as uniform and representative 
as possible. For identification of species reference has been made to Far- 
Low^s ‘‘Marine algae of New England.’’ (7). 

To lessen the effect of autolysis and bacterial action, the time elapsing 
between collection and completion of drying has been cut down to a mini- 
mum. In order to approach as nearly as possible to the ideal condition, 
the plants were kept in sea water until ready for treatment. After removal 
from the water, as much of the surface moisture as possible was removed 
by shaking or blotting, and the plants at once ground in a food chopper. 
To insure that each collection should have the same percentage of surface 
moisture was an impossibility so that a fairly wide variation in moisture 
determinations of the same species was foreseen, and table I represents 
averages. 

The advisability of making moisture determinations on minced material 
might be questioned on the ground that moisture would be pressed out in 
the grinding. This was found to be true in very few cases, however, and 
since what little press juice was lost contained considerable solid matter the 
error introduced was accepted as slight. The chief reason for grinding the 
plants while fresh and moist is the ease with which it can be accomplished 
then. Many of them are impossible to grind once they have dried. 

The minced material was dried, either in the oven below 100° C. or in 
the sun. When thoroughly dry it was again put through the chopper until 
finely powdered. In this form the samples were preserved ; and just before 
using, a portion was dried to constant weight and kept in a desiccator. 


TABLE I 

Moisture content of marine algae 


Species 

Moisture 


per cent. 

ScytosipJion lomeniarius (a) 

91 

Laminaria longicruris (a) . 

89 

Porphyra laciniata (c) 

86 

Bhodymenia palmata (a) and (b) 

85 

Delessaria sinuosa (a) 

83 

Chondrus crispus (b) 

77 

Fiicus V€siculos\i8 (a) and (b) 

76 

Ascophyllum nodosum (c) 

70 

Gigartina mamillosa (c) 

68 


(a) Collected at St. Andrew’s, New Brunswick, in June. 

(b) Collected at St. Andrew’s, New Brunswick, in July. 

(c) Collected at Halifax, Nova Scotia, in November. 
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Moisture determination 

These determinations were made by drying a weighed sample of the 
minced plant, usually 10-20 grams, to constant weight in the oven below 
100® C. The loss of weight was calculated as moisture. Thirty hours were 
usually sufficient for complete drying. Percentages of moisture in fresh 
samples examined are presented in table I. 

Asil DETERMINATIONS 

Moisture-free samples of 3 to 4 grams were used in all cases and ignited 
in an electric muffle furnace at 575®-600° C. for five hours. In table II 
will be noted the analyses of the ash of two species hitherto unrecorded. 
That of Laminaria longicruris is remarkably high. My average figure for 
Laminaria of 21.9 per cent, agrees very well with that of Reed of 21.1 per 
cent. For the most part the agreement is good and does not show any 
marked difference between the salt content of northern Canadian forms 
and of those of Hawaii (Reed) and of France (Vincent, 26 ). 


TABLE II 

Comparative table or ash values as percentage op dry weight 


Species 

Results op present 

investigation 

Previous 

results 

By whom 

REPORTED 

Laminaria Jonfjicrvris (a) 

33.2 

— 


Laminaria andersonii 

— 

26.5 

Hoagland (11) 

Laminaria (average of several 




species) (d) 

21.9 

21.1* 

Reed (20) 

Chondrus crispy f( (a) 

27.7 

14.2* 

Reed (20) 



14.6 

Haas (9) 



24.9 

Vincent (26) 

Bhodymenia palmala (a) j 

26.9 

36.6 

Vincent (26) 

Gigartina mamillosa (c) 

22.5 

— 


Fucus vcsiculosiis (a) 

20.7 

22.2 

Vincent (26) 

Fucivs serraim 

— 

26.3 

Vincent (26) 

Ascophyllum nodosum (b) 

22.2 

23.6 

Vincent (26) 

Porphyra laciniata (a) 

15.7 

10.37* 

Reed (20) 


* Miss Reed ’s figures are for air dry material, not dry weight. 

(a) Collected at St. Andrew % New Brunswick, in July, 

(b) Collected at Halifax, Nova Scotia, in November. 

(c) Collected at Digby, Nova Scotia, in September. 

(d) Collected at Halifax, Nova Scotia, in September. 

POTASSIUI6: DETERMINATION 

Potassium determinations were made on the ash residues prepared as 
previously described, and results calculated to dry weight. The method 
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used was that of Kramer and Tisdall ( 13 ) for the estimation of potassium 
in blood serum. A definite weight of each ash, 0.10 to 0.25 gram, was dis- 
solved with the aid of 1 or 2 cc. of sulphuric acid, and the solution made 
up to 100 cc. These solutions were used to replace the serum of the original 
method. The results given in table III are the average of duplicate 
analyses, only one of which varied more than 0.03 cc. in the final titration. 

When the figures in table III are compared the conclusion may be 
drawn that potassium is richer in the specimens which I have analyzed 
than in those from other water. Rhodymenia palmata is a striking instance 
of this. The only possible exception is that of Fucus vesunilosus on the 
basis of Barlow^s analysis. I have been unable to find any analysis in the 
literature for the potash content of Gigartina or Porphyra. The relation- 
ship between content of ash and of potassium will be seen in table VII. 


TABLE III 

Comparative table op potassium values as percentage op dry weight 


Species 

Results op 

PRESENT in- 
vestigation 

Previous 

results 

By whom reported 

Bhodymenia palmata (a) 

per cent, 
12.22 

per rent, 
2.42 

Wheeler & Hartwell (28) 

Laminaria longicruris (a) 

7.33 

4.48 

Vincent (26) 

‘ ‘ digitata 


5.40 

Hendrick (19) 

i( << 


5.49 

Wheeler & Hartwell (28) 

* * andersonii 


2.48 

Bued (3) 

* ‘ mccharina 


2.08 

Wheeler & Hartwell (28) 

Chondrus crispns (a) 

4.58 

1.53 

Wheeler & Hartwell (28) 

Fucus vesiculosns (a) 

3.39 

6.29 

Barlow (2) 

Gigartina mamillosa (b) 

3.18 

2.24 

1.50 

Vincent (26) 

Wheeler & Hartivell (28) 

Porphyra lacmiata (a) 

2.69 

— 



(a) Collected at St. Andrew's, New Brunswick, in July. 

(b) Collected at Digby, Nova Scotia, in September. 


Iodine determinations 

Iodine was determined in moisture-free samples by Kendall ^s method 
( 12 ), the amount of sodium hydroxide used for fusion, however, being 
reduced by half. 

There is in the literature a very extensive series of iodine determina- 
tions. Moreover in these analyses there is a high percentage of variation, 
partly due to seasonal variations and partly to technical errors. I report 
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analyses for several species hitherto undetermined. Table IV reveals many 
points of close agreement. The Canadian forms do not show any con- 
sistently higher level of iodine content. Laminaria longicruris is notably 
low in iodine for its genus. 

TABLE IV 

Comparative table op iooine values as percentage of dry weight 


Species j 

Results 
present in- 
vestigation 

Previous 

results 

By whom 

REPORTED 


per cent. 

per cent. 


Rhodymenia palmata (a) & (c) 

0.0231 

0.122 

Cameron (4) 



0.7120 

Stanford (23) 



0.081 

Vincent (26) 

Prophyra laciniata (a) 

0.0085 

— 


** v'ulgaria 


0.009 

Cameron (4) 

Chondms crispua (b) 

0.0736 

0.053 

Cameron (4) 

Gigartina mamilloaa (c) 

0.1237 

0.016 

Cameron (4) 

Ascophylluni nodosum (b) 

0.1362 

0.0572 

Stanford (23) 



0.084 

Vincent (26) 

Fuacua vesiculoana (a) 

0.0127 

0.0297 

Stanford (23) 



0.015 

Weibull (21) 



0.028 

Vincent (26) 

Laminaria longicruris (a) 

0.0737 

— 


** digitata (d) 

0.349 

0.45 

Doherty (6) 



0.5 

Hendrick (10) 



0.4535 (stipe) 

Stanford (23) 



0.2946 (frond) 

Stanford (23) 

Jgarum turncri (d) 

0.097 

— 


* ‘ fimhriafum 

— 

0.09 

Turrentjne (25) 



0.022 

Cameron (4) 

Alaria esculent a (d) 

0.101 

— 


‘ * Janceolata 

— 

0.06 

Turrentine (25) 

Halosacchion rameniaceum (d) 

0.029 

— 


glandi forme 

— 

0.006 

Cameron (4) 


(f^i) Collected at St. Andrew ^s, New Brunswick, in June. 

(b) Collected at Halifax, Nova Scotia, in November. 

(c) Collected at Digby, Nova Scotia, in September. 

(d) Collected at Halifax, Nova Scotia, in September. 

Nitrogen determinations 

Percentage of nitrogen in moisture free samples was estimated by 
Kjeldahl’s method, and does not therefore include nitrate nitrogen. The 
figures obtained for nitrogen are in agreement with those of previous inves- 
tigators and require no comment in themselves. If it is assumed that this 
nitrogen comes from protein and is calculated as such the value obtained 
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represents only a small portion of the organic matter present. This sharply 
differentiates the metabolism involved. 

TABLE V 

Comparative table or nitrogen values as percentage op dry weight 


Species 

Results oir 
present in- 
vestigations 

Previous 

results 

By whom reported 


per cent. 

per cent. 


Bhodymenia palmata (a) 

3.71 

2.71 

Wheeler & Hartwell (28) 



1.84 

Vincent (26) 

Porphyra laciniata (a) 

3.61 

5.55* 

Reed (20) 

Gigartina mamillosa (b) 

3.54 

— 


Laminaria longicruris (a) 

1.91 

— 


* * digitata 

— 

1.74 

Wheeler & Hartwell (28) 



1.23 

Hendrick (10) 



1.63 

Wheeler & Hartwell (28) 

‘ * saccJiarina 

— 

2.4 

Hoagland (11) 

* * andersonii 

— 

2.4 

Burd (3) 

Laminaria (average of 7 




species) 

— 

0.89* 

Reed (20) 

Chondrus crispus (a) 

1.65 

2 24 

Vincent (26) 



2.26 

Wheeler & Hartwell (28) 



1.5 * 

Reed (20) 

Fiicus vesiculosus (a) 

1.37 

2.43 

Vincent (26) 



1.61 

Wheeler & Hartwell (28) 



2.29 

Barlow (2) 



0.99 

Hendrick (10) 


* Beed 's figures are for air dry, not moisture free samples. 

(a) Collected at St. Andrew ^s, New Brunswick, in July. 

(b) Collected at Bigby, Nova Scotia, in September. 


Crude fiber determination 

Crude fiber was determined according to the method given by Leach 
( 16 ) for its estimation in cereals. There have been few determinations of 
crude fiber in algal forms. The values are fairly constant for the species 
analyzed and they are consistently low. This absence of the cellulose com- 
plex among the red and brown forms can be taken as another characteristic 
of their metabolism. 

Table VI presents a comparison of crude fiber values of a number of 
species, and in table VII will be found a summary of the constituents of six 
species found abundantly on the coast of the Maritime Provinces of Canada. 
By the addition of the values for ash, crude fiber and protein (N x 6.25) the 
difference may be taken to be carbohydrate other than cellulose. Thus 
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50-60 per cent, of the total solid content of these algae is in this form 
which is probably mostly polysaccharide judging from personal experience. 

TABLE VI 

Comparative table or crude fibre values as percentage or dry weight 


Species 

Results or 
PRESENT in- 
vestigations 

Previous 

results 

By whom reported 

Fucus ve8iculo8%8 (a) 

per cent, 
5.21 1 

per cent. 


Laminaria longicruris (a) . 

3.61 

— 


^ ‘ (average of 6 spe- 

cies) 



6.7* 

Reed (20) 

‘ * andersonii 

— 

10.4 

Hoagland (11) 

Porphyra laciniata (a) 

2.75 

— 


Chondrus criapus (a) 

2.15 

2.2* 

Reed (20) 

Gigariina mamillosa (b) 

2.05 

— 


Fhodymmia palmata (a) 

1.50 

— 



* Heed’s figures are for air dry, not moisture free samples. 

(a) Collected at St. Andrew’s, New Brunswick, in July. 

(b) Collected in Digby, Nova Scotia, in September. 


TABLE VII 
Composite table 


Species 

Mois- 

ture* 

Ash 

Potas- 

sium 

1 Iodine 

Crude 

FIBER 

Nitro- 

gen 

Common 

NAME 


per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

per cent. 


Laminaria longicruris 

88.5 

3,1.2 

7.35 

0.0737 

3.61 

1.91 

Kelp 

Fucus vesiculosus 

76.4 

20.7 

3.39 

0.0127 

5.21 

1.37 

Rockweed 

Rhodytnenia palmata 

85.4 

1 26.9 

12.22 1 

0.0231 

1.50 1 

1 3.71 

Dulee 

Porphyra laciniata 

85.7 

15.7 

2.69 

0.0085 

2.75 

j 3.61 

! 1 

— 

Chondrus crispus 

76.8 

27.7 ! 

4.58 

0.0736 

2.16 

1.65 1 

Irish moss 

Gigarthia mamillosa . 

78.0 

22.5 

3.18 

0.1237 

2.05 

3.54 

1 

— 


* All analyses except that of moisture are expressed as percentage of dry w'eight. 


Discussion 

The influence of ecological factors on the composition of marine algae 
must first be stressed ; and this is a fact which, unfortunately, has not been 
appreciated adequately by previous investigators. Habitat and season of 
collection age of plant (8), temperature and salinity of surrounding water. 
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and depth of submergence, all have an influence on the nature and amount 
of constituents present in the plant. For example, Sauvageau ( 22 ) com- 
pared the efflorescence on two specimens of Bhodymenia palmata; one was 
collected on the coast of France, the other on the coast of Iceland. On the 
plant from Iceland he found both potassium chloride and mannitol ; on the 
plant collected at lioscofP, potassium chloride but no mannitol. Lapicque 
( 15 ) found Laminaria flexicaulis to contain two per cent, soluble carbohy- 
drates in the early spring as compared with eighty-one per cent, in the late 
summer. Mineral salts also vary with the seasons. Furthermore, the per- 
centage of the same element, e.g. potassium or iodine, varies in different 
parts of the same plant. In making comparisons of analyses of the same 
species as well as of different species these facts must be constantly consid- 
ered. For the reason that there is a large unavoidable error introduced in 
the determination of the moisture content of algae, it is highly desirable 
that analyses of other constituents be expressed in terms of the dry weight. 

As might be expected the species having the highest ash values are also 
those with the highest content of potassium. From table VII it is apparent 
that potassium constitutes a considerable portion of the ash. This is espe- 
cially true for Laminaria longicruris and Bhodymenia palmata. 

The values for iodine are difficult to compare because of the readiness 
with which it is lost in preparatory handling. It will diffuse readily from 
the dead plant, (Dangeard, 5) and is volatile in the free form, (Sauvageau, 
22 ). The apparent presence of iodine in the free form, as iodide, and in 
organic combination, in varying degrees (Kylin, 14 ) makes the problem a 
difficult one. The volatility of potassium iodide at high temperatures intro- 
duces a possible technical error. 

The use of algae and their products as food, thougli inconsiderable on 
the North American continent, is extensive in other jiarts of the w^orld. 
Their value as such is dependent on the mineral salts and proteins wdiieh 
may be present. Saiki ( 21 ) has shown that the carbohydrates jiresent are 
\^ery difficult to hydrolyze by means of enzymes, and hence are almost indi- 
gestible to man ; and only slightly digested even by ruminants. Kegarding 
the proteins of algae little is known and much work needed. Hoagland 
( 11 ) gives nitrogen values from 0.98 to 2.67 per cent, dry w^eight of the 
Pacific Coast kelps, of which 13 to 37 per cent, is in non-protein form. 
Therefore the maximum calculated on this basis wwld be 14.5 per cent, 
protein. In the present investigation a maximum nitrogen value of 3.71 
per cent, dry weight, (exclusive of nitrates), w^as found in Bhodymenia 
palmata^ which, converted by the factor 6.25, gives 23.19 per cent, protein. 
Kylin ( 14 ) reports that ammonium nitrate occurs in all, nitrates in some, 
but not in others. 

Stewart ( 24 ) testing the efficacy of algae as a fertilizer, found the 
nitrogen present to be readily available in some species, less readily in 
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others. The fact that 50 per cent, of the dry weight of organic matter is 
capable of furnishing humus to the soil (3) is an added advantage in a 
fertilizer. Potassium, which is essential to a good fertilizer, is present 
chiefly as chloride and sulphate (1). 

It has been difficult to find similar analyses reported for the same species 
with which the present work was concerned. This is due to the fact that 
they are not indigenous to the Pacific Coast where any work done on this 
continent has been carried on. Where it was found impossible to compare 
with the same species, other species of the same genus have been included, 
if available. On the comparative tables relative to each determination, quo- 
tations have been given from a number of workers, in order to emphasize 
the fact that there is such a wide variation in the results, which might be 
considerably lessened if all the limiting factors were known. 

Summary 

Several species of algae common to the North Atlantic Coast have been 
analyzed for their content of moisture, ash, potassium, iodine, protein and 
crude fiber. 

Moisture determinations on nine species were found to average 80 per 
cent., with a maximum of 91 per cent., and a minimum of 68 per cent. 

Ash determinations averaged 25 per cent, of the dry weight ; maximum 
in L. longicruris of 33.2 per cent., minimum in P. laciniata of 15.7 per cent. 

Potassium determinations on six species gave an average content of 5.57 
per cent, of the drs^ weight ; maximum in R. palmafa of 12.22 per cent., 
minimum in P. laciniata of 2.69 per cent. 

Iodine has been determined in twelve species the average content of 
Miiieh is less tlian 0.1 per cent, of the dry weight. The maximum of 0.349 
per cent, was found in L. digitata, a minimum of 0.0085 per cent, in 
P. laciniata. 

Nitrogen determinations were made on six species, three of wliich were 
much higher than the others, and calculated as iirotein (N x 6.25) would 
average 22.6 per cent. 

Crude fiber determinations were made on six species and only one found 
to be above 5 per cent. ; the majority are less than half of this amount. 

The writer wislies to express her thanks to Dr. B. G. Young, of the Bio- 
eliemistry Department, and to Dr. H. P. Bell, of the Botany Department 
of Dalliousie University, for their valuable advice and assistance ; and also 
to express her appreciation of the opportunities and facilities for collection 
and laboratory work made available by the Biological Board of Canada at 
their 8t. Andrew’s Station. 

Department or Biochemistry, 

Daliioitsie University, 

Halifax, Nova Scotia. 
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RELATION OP PHOTOTROPISM TO THE WAVE-LENGTH 

OP LIGHT* 

Earl S. Johnston, F. S. Brackett, and W. H. Hoover 

(with two figures) 

Many conflicting theories and statements appear in plant physiological 
literature regarding phototropism. Such conditions frequently exist in a 
young science where much of the earlier work is qualitative. In many of 
tJiese early experiments dealing with the bending of plant stems toward 
light, the lights used were such that it was impossible to determine accu- 
rately whether the color or the intensity was the predominating cause of 
the bending. The relative influence of the different colors, or wave-lengths, 
could not be determined because different intensities were used. Both of 
these light factors must be considered, as a greater value of one may off-set 
the lesser value of the other. In order to determine which colors are most 
effective in phototropic bending, it is necessary to use wave-lengths of equal 
intensities. 

One method of evaluating the wave-length effects is described by Hurd.^ 
Wratten light filters were used between the light source and the fucus 
spores and rhizoids with which this work was performed. The intensities 
were made equal by increasing or decreasing the distance of the electric 
arc from the measuring instrument. Parr,* working with Pilobolus under 
carefully controlled conditions, found that light in all regions of the visible 
spectrum brought about responses in this plant. The presentation time 
decreased gradually from red to violet, with no indication of intermediate 
maxima or minima. This work appears to be at variance with statements 
appearing even in recent text books on plant physiology, that the more 
highly refrangible rays of light are most effective in phototropic movement 
with the effect diminishing from blue to yellow, and again increasing in the 
red and infra-red. 

Priestley* has recently attempted to give a rational explanation to the 
phenomenon of phototropism. He shows that phototropic curvature in 
coleoptiles is consistent with the “light-growth’’ hypothesis, in spite of 

* The investigations herein described have been carried out in cooperation with the 
University of Maryland. 

1 Hurd, Annie May. Some orienting effects of monochromatic lights of equal in- 
tensities on fucus spores and rhizoids. Proc. Nat. Acad. Sci. 6: 203-204. 1919. 

2 Parr, Rosalie. The response of Pilobolvs to light. Ann. Bot. 32; 177-205. 
1918. 

2 Priestley, J. H. Light and growth. New Phyt. 24: 271-283. 1925, and 26: 
345-170; 213-247. 1926. 
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many seemingly discrepant experiments. The amount of light required 
to induce pliototropic curvature in normal light-grown shoots is greater, 
and must be continued longer, than that required to bring about similar 
curvatures in etiolated shoots. It is thus evident that light affects normal 
and etiolated shoots quite differently. Briefly, the mechanism of bending 
in etiolated shoots as discussed by Priestley, is as follows: The walls of 
the cells making up the tissue contain fat and protein. These substances 
prevent the ready passage of sap and water from the vascular system to the 
meristematic tissue which, under favorable conditions, is capable of rapid 
growth. Blaaitw points out the similarity between light and its photo- 
chemical effect on a photographic plate on the one hand and an etiolated 
coleoptile on the other, lielatively small quantities of light produce photo- 
chemical actions on these shoots. Protein and fatty materials disappear 
from the cell w^alls, with the latter substances migrating mainly to the 
cuticle. The passage way between the meristematic C6»lls and their water 
and food suppb’' is opened up. In the words of Priestley, ‘‘Increased 
surface growth now ensues. Growth as a whole may be as active as ever 
on the more brightly lit side of the etiolated shoot, but it is differently dis- 
tributed. More cells are added to the surface of the stem and leaf, and 
less proportionately contributed to the inner layers of the shoot axis. The 
result is, therefore, in the aggregate, a retardation of growth in length on 
the illuminated side, and a positive phototropic curvature. ^ ^ 

Two classes of explanations for the modification in growth rate have 
been proposed: First, those assuming the effect to be predominantly due 
to a local temperature change brought about by unsymmetrical absorption 
of radiant energy; second, those postulating some type of photochemical 
action. In this second group would fall both those theories involving a 
local and direct photochemical change at the point of absorption of light, 
and those assuming a type of hormone action. The first group, involving a 
purely thermal hypothesis, would lead to a prediction of phototrojiic bend- 
ing for all regions of the spectrum where the radiant energy could be 
absorbed by the cell materials. Infra-red for all wave-lengths longer than 
1.1 p is absorbed by the water, even in' relatively small layers. The re- 
mainder of the cell materials would absorb light pretty generally through 
the entire visible spectrum. Where etiolated plants are used, with the 
absence of chlorophyll, a very selective action would not be expected. In 
the case of a photochemical hypothesis, however, one might have a highly 
selective type of absorption, either showing maxima and minima, or begin- 
ning weakly at some particular wave-length and increasing towards the 
shorter wave-lengths or blue end of the spectrum. Such selective absorp- 
tion in the visible or ultra-violet is characteristic of electronic changes in 
energy within the molecule. 
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In the present experiment it was proposed to determine whether or not 
selective regional phototropic responses (i.e., to different colors) would 
be found for equal intensities. Second, to determine, in case of selective 
responses whether the effect of different colors could be off-set by modifica- 
tion in intensities. Such an experiment would crucially decide between 
the two classes of hypotheses. 

The general underlying idea of determining the relative influence of 
colors in a differential manner by exposing the plant to two different colors 
from opposite sides was proposed earlier by Johnston.* The present ex- 
periment was simply an elaboration of this proposed method, wherein par- 
ticular attention has been given to the physical quantities involved. The 
wave-length regions have been restricted by filters whose transmission 
curves were definitely determined. The intensities were measured by means 
of an especially constructed thermocouple and galvanometer system of high 
sensitivity, with which accurate determinations could be made over an 
unusually large range of relative intensities. 

The details of the apparatus are as follows: The thermocouple-galva- 
nometer system constitutes essentially a blackened thermometer whose rise 
in temperature above the surrounding room temperature is proportional to 
the amount of radiation falling upon it, and is practically independent of 
the wave-length of the radiation. The rise in temperature was indicated 
by a galvanometer deflection which was read by the displacement of a small 
band of light along a metric scale. The system consisted of a single closed 
electrical circuit of which the d’Arsonval galvanometer coil was a part. 
Where dissimilar metals are used in a circuit, the unequal heating of the 
points of contact causes an electromotive force. For small differences in 
temperature this electromotive force, and the current arising, is propor- 
tional to the difference in temperature. 

The galvanometer coil and most of the circuit were constructed of 
copper. The remainder of the circuit vras made up of a short length of fine 
bismuth wire and a short length of bismuth-tin alloy. The juncture of the 
copper with the bismuth, and the juncture of the copper with the bismuth- 
tin were each maintained at room temperature. To the point where the 
bismuth joins the bismuth-tin wire, a blackened receiver was attached. 
Radiant energy falling upon such a receiver raises its temperature above 
that of the junctures to the copper, and so causes the current. The alloy 
of bismuth-tin w^as made up of 95 per cent, bismuth and 5 per cent. tin. 
It is interesting to note that this small percentage of tin yields a material 
of opposite thermoelectric characteristics to pure bismuth. 

In the choice of materials for construction of such a thermocouple, not 

* Johnston, Earl 8 . A plant photometer. Plant Physiol. 1: 89-90. 1926. 
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only the thermoelectric power, but also the resistance and the thermal con- 
ductivity should be considered. This combination of metals is the best 
known at the present time. The wire used was about 25 microns in diam- 
eter and between 2 and 3 mm. long. The receiver was a circular piece of 
platinum foil about 2 mm. in diameter. The thermocouple W'as then placed 
in a vacuum of better than lO*^ mm. pressure thereby serving a double 
purpose. First, the sensitivity was increased by the removal of convection 
loss, and second, small disturbances which ordinarily would reach the 
thermocouple through convection were eliminated. When radiant energy 
is focused upon such a receiver by means of a lens, it is equivalent to greatly 
increasing its area, and thus yielding a greater response than an actual 
increase in area would give, because the thermal losses would be increased 
at the same time. It is necessary, however, that the same effective area be 
used throughout the experiment. Because of the very great range of in- 
tensity to be observed, it was necessary to use a number of resistances in 
series and parallel, in order to change the sensitivity by several known 
factors. 

The plant photometer box was 238 cm. in length and 30.5 cm. wide. It 
was divided into five compartments instead of three as in the earlier experi- 
ment. The end, or lamp compartments, were 59 cm. long and 59 cm. high, 
while the other three were 44 cm. high. The central, or plant compartment 
(87 cm. in length), was insulated from each lamp compartment by a filter 
chamber 10 cm. wide. Before the light could reach the plant from either 
side, it was passed through a water filter immediately surrounding the 
lamp, through a plate glass window, then through the filter chamber which 
was cooled by a stream of air, and finally through the desired color filter 
and a water cell, one window of which w^as made of heat absorbing glass. 
This water cell was set at an angle to avoid reflecting light to the plant 
from the opposite side of the plant chamber. 

By the introduction of the cooled filter compartments between the lamp 
compartments and the plant chamber, heat necessarily arising in the lamp 
chambers was prevented from reaching the plant compartment. By means 
of the water cell with the heat absorbing window on the lamp side, only 
visible radiation was allowed to reach the plant. Water absorbs all the 
radiation in the infra-red longer than 1.1 jj, while the heat absorbing filter 
cuts out the near infra-red region between 1.1 p and the visible. In the 
plant chamber the seedling was surrounded by a double-walled glass cyl- 
inder, the space between the walls being filled with water and the entire 
cylinder slowly rotated around the plant axis in order to equalize tempera- 
ture conditions in the immediate environment of the seedling. The interior 
walls of all five chambers were painted a dull black. A general view of the 
photometer box is shown in figure 1. 
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The coleoptile of the oat was selected for these experiments. The seeds 
were germinated between glass plates covered with wet filter paper. The 
plates were so arranged in moisture chambers that the seedlings grew 
vertically. The seedlings were carefully selected for straightness and trans- 
ferred to small Erlenmeyer flasks fitted with cork stoppers. Each seedling 
was supported by means of a little cotton in a small hole of the stopper. 
The flask was filled with distilled ivater so that the roots were entirely im- 
mersed. By means of a cross hair in a telescope the seedling was adjusted 
to a vertical position in the plant compartment between the light filters. 



Fio. 1. General view of plant photometer with door of plant chamber removed to show 
double-walled glass cylinder in which seedling was grown. 


In conjunction with the heat absorbing cell, four different light filters 
{2"x2") were used in these preliminary experiments. Three were 
Wratten filters numbers 24 (red), 61 (green), 47 (blue) made by the East- 
man Kodak Company, and one a “heat resisting yellow'’ (yellow sliade) 
made by the Corning Glass Company. 

The curves presented in figure 2 indicate the transmission of these 
filters. From these curves it will be observed that the red filter 
transmits freely all wave-lengths greater than 6000 A. and absorbs all 
wave-lengths shorter than 5800 A., in fact, cutting off practically all 
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wave-lengths shorter than 5900. The yellow filter transmits freely 
all wave-lengths longer than 5400 and cuts off all wave-lengths shorter 
than 5200, effectively removing all wave-lengths shorter than 5350 A. 
The green filter shows a maximum transmission at about 5100, practically 
cutting off all wave-lengths beyond 6000 on the red side, and 4800 on the 
blue side, with no measurable transmission shorter than 4700. The blue 
filter transmits effectively a region from 3900 to 5000. 



Fig. 2. Curves representing percentages (ordinate) of transmission of the light filters; 
blue (B), green (G), yellow (Y), and red (R). Wave-lengths are 
expressed in Atngstrdm units along the abscissa. 

The results obtained were as follows. In the first place where the plant 
was exposed to radiation from only one side with the water cells all re- 
moved, and a filter introduced which absorbed all the visible light, no 
phototropic bending could be observed. In other words, infra-red radiation 
between the visible and 2.5 ^ produced no phototropic bending which could 
be observed. Second, with the heat absorbing filters together with the red 
filter and no light from the opposite side, no measurable phototropic bend- 
ing could be detected. Hence no wave-lengths longer than 6000 A. could 
be found to produce a measurable phototropic effect. Similarly, with the 
yellow filter substituted for the red filter, the plants were grown with no 
opposing light. In this case, a noticeable bending was soon apparent. 
Hence a phototropic influence is certainly to be found in the region between 
5200 and 6000 A units, and probably in the narrow region between 5350 
and 5900 A. This is the region usually termed yellow. It is impossible 
from the present experiment to say which portion of this region may be 
effective. For the green and blue filters the unbalanced phototrojiic effect 
was very marked, the bending taking place in a very few minutes. The 
first differential balance was observed with the yellow light on one side and 
the green light on the other. A balance was actually secured, however, 
only when the yellow light was 1,000 times more intense than the green 
light as determined by the non-selective thermocouple-galvanometer mea- 
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surements. In the same way a balance was reached between the green and 
blue when the green light was 30 times more intense than the blue. 

In each experiment a single seedling was used. The general procedure 
was to place the seedling between two different light sources and, after a 
time interval, observe the coleoptile through the telescope in order to 
determine any growth curvatures. If, for example, the seedling was ex- 
posed between the blue and green filters and a distinct bending toward the 
blue was shown at the end of half an hour, the lights were so adjusted by 
position and current controlled by rheostats, that the green intensity was 
increased and the blue decreased. Another seedling was then placed in the 
photometer and the experiment repeated. After several trials a balance 
point was reached where the effect of one light was neutralized by the effect 
of the other, and the plant continued to grow in a vertical position even 
after an exposure of several hours. Wlien this balance point was reached 
the seedling was removed and the especially constructed thermocouple 
placed in the po.sition of the plant. The relative intensities of the lights 
were then measured by means of the galvanometer. 

It is of interest to note that repetition of the experiment yielded bal- 
ance points differing by less than 5 per cent, from the previous experiment. 
Such re{)r<)diicibility is somewhat unusual in biological measurements. It 
suggests that by this method one is observing a characteristic of some un- 
derlying photochemical reaction. The absence of effect in the red and 
infra-red together with a very sharp increase in passing from yellow to 
green, and the subsequent rise in the blue, is typical of an electronic photo- 
chemical reaction. The experiment must be regarded, therefore, as crucial 
evidence against a purely thermal theory and strong support for a photo- 
chemical theory. 

The results seem of sufficient importance to justify a more elaborate 
experiment wherein narrower spectral regions are used, that is, more re- 
stricted color ranges, thus enabling one to determine the phototropic effect 
at many points through the spectrum. For this purpose a monochrometer 
must necessarily be used. In such an experiment it seems desirable also 
that the phototropic influence of all the wave-length regions be determined 
in terms of a single comparison band. The intensity of the comparison 
light could be varied to counterbalance successively the phototropic influ- 
ence of each band or color, taken preferably all at the same intensity. The 
experiment should also be carried into the ultra-violet in order to gain the 
additional information which may throw some light upon the nature of the 
photochemical reactions involved. 

Division of Baoiation and Oeoanisms, 

The Smithsonian Institution. 




VARIATIONS IN THE Og OP PLANT TISSUES 

William A. Beck 
(with four figures) 

The physical chemists have expressed widely different views regarding 
the nature of osmotic pressure, but while advancing different theories in 
explanation of the phenomenon, they agree in the quantitative expression of 
the so-called pressure. If the osmometer containing the solution in ques- 
tion be placed into the solvent, the difference of pressure on the solution 
and the solvent expresses numericallj^ the osmotic pressure of the solution 
in the osmometer, when a condition of equilibrium exists, i.e., when no sol- 
vent flows in either direction, from or to the solution through the membrane. 

The definition of osmotic pressure is illustrated in figure 1. If the 



Fig. 1. A diagrammatic illustration of osmotic pressure. W is the solvent, S is the 
solution, a is the membrane ; p, is the pressure on the solution, p, is the 
pressure on the solvent. In a condition of equilibrium pj-pi 
is the numerical expression of the osmotic pressure. 

pressure on the solution (pz) is too small solvent (W) will flow through 
the membrane (a) into the solution {8). If it is too great, solvent will 
flow from the solution (8) into the solvent {W), passing through the 
membrane in the reverse direction. If the solvent fails to flow in either 
direction a condition of equilibrium exists at the membrane; under this 
condition, the difference of the mechanical pressures p,, and p^ expresses 
the osmotic pressure of the solution (8), 

815 
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•P= (Ps-Pi) 

There is nothing ideal about this quantity, it is very real ; it is expressed 
in atmospheres. 

This quantity is not under discussion in this paper and is mentioned 
here only to emphasize the fact, because some confusion exists about the 
terms in current literature on this subject. 

It is practically impossible to measure the osmotic pressure of the 
normal cell sap directly. Some investigators measure the osmotic pressure 
indirectly of sap expressed from plant tissues, by the indirect cryoscopic 
method. This method can hardly yield results that will be helpful in 
determining physiological activities in plant tissues. I think this will 
appear from the results which are presented in this paper. 

When a cell is placed into a solution of sufficient concentration, plas- 
molysis occurs (fig. 2). The receding film of plasm can readily be de- 



Fig. 2. Various stages of plasmolysis (After deVries V 

tected even at incipient plasmolysis, if the illuminating conditions are fa- 
vorable. If the incipient stage of plasmolysis remains constant, the relative 
concentration of the plamolysing agent is taken as a measure of the rela- 
tive concentration of the sap within the cell at that stage. The concentra- 
tion of the agent is expressed in gram molecular units (volumetric system). 
This quantity which expresses the relative concentration of the cell sap at 
incipient plasmolysis, is termed the osmotic, value of the cell, at incipient 
plasmolysis; it is symbolized by Og. This quantity should always be ex- 
pressed in mols and not in atmospheres. If the equivalent atmospheres are 
to be expressed for any reason, evidently only such an agent should be 
employed for which the equivalent atmospheres of osmotic pressure have 
been accurately determined. For various reasons given elsewhere, cane 
sugar was employed as the plasmolysing agent in these studies, and when 
it became necessary for clearness, the formula for cane sugar was appended 
to the symbol for the osmotic value. 

No attempt is made in this paper to draw conclusions about the rela- 
tive concentration of the cell sap in the normal condition of the cell. The 
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object is to study variations in the value of Og. When there is a variation, 
it indicates a variation in the quantity or the nature of the solutes in the 
cell sap, or a variation in both the nature and the quantity of the solutes. 

Some investigators tried to show that there is an Og gradient in the 
direction of the flow of water in the plant. Uespruno and Blum showed 
that there is a gradient in the quantity which expresses the potential 
ability of the cell to absorb water (they call it suction force), and that the 
Og varies irregularly. Without data on the osmotic values of the cell sap 
and the relative volumes of the cell in the normal condition at incipient 
plasmolysis and when saturated, no conclusions can be drawn about the 
potential ability of the cell to draw water. From this it is clear that the 
problems taken up here are quite different from the problems which Ub- 
SF'RUNG and Blum discuss under the name of Suction Force studies. 

The cells of a given tissue do not as a rule have exactly the same Og. 
When fifty per cent, of the cells of a tissue are slightly plasmolysed, the 
concentration of the agent is taken as the average value ; it is expressed as 
the Og of the tissue. Numerous tests have showm that this value is reliable, 
i,e., different tests made at short intervals under the same conditions on a 
given tissue, yield the same results. 

Different tissues in a given plant have widely different Og^s. This will 
be clearly shown in the data that follow. Within limits the Og of a given 
tissue is characteristic for that tissue. Assimilating tissues for example 
have higher values as a rule, than epidermal tissues. The range of varia- 
tion of Og ill response to given factors, is not as great in the epidermal 
tissues as it is in the assimilating tissues. The Og of the guard cells varies 
rapidly within wdde limits, under the influence of certain external factors. 
An example by way of illustration : During the months of March and April, 
a considerable number of Og measurements were made for the tissues of ivy 
leaves all of which were taken from the same plant. The highest value 
recorded for the epidermis was 0.775 ; the lowest 0.6 ; the values found most 
frequently was 0.65. The highest value recorded for the palisade paren- 
chyma was 1.25, the lowest 1.05, and 1.1 the most frequent value. For the 
guard cells the lowest was 0.6, the highest 0.825 and the most frequent 0.65, 

In table I the Og is recorded for the low^er epidermis, the guard cells and 
the spongy parenchyma of twenty different plants. The Og seems to depend 
upon the nature of the plant as 'well as upon the environment in which the 
plant grows. The table has been arranged in such a way as to indicate the 
relation of the Og to the nature of the plant. Not more than ten minutes 
intervened between the measurements of the Og for the different tissues of 
a given plant. For any given plant tlie epidermal tissue invariably showed 
a lower value than the spongy parenchyma ; the guard cells had nearly the 
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same value as the epidermal tissue in some cases, and widely different values 
in other cases. For example ini Dioscorea batatas the value was 0.35 for 
the epidermis, 0.375 for the guard cells and 0.6 for the spongy parenchyma ; 
in Solanum nigrum the value was 0.425 for the epidermis, 0.675 for the 
guard cells and 0.575 for the spongy parenchyma; among the woody plants 
Hedera helix and Cytisus laburnum illustrate the same point. The mea- 
surements were made on different days but always in the morning between 
6 :30 and 8 ;30. During the early hours of the day the influence of the heat 
and light was not yet as great as it would have been later in the day. The 
difference of the mean values for the herbaceous plants was 0.0875 between 
the guard cells and the epidermis, in favor of the guard cells; it was 0.2325 
between the spongy parenchyma and the epidermis, in favor of the spongy 
parenchyma. The difference of the mean values for the woody plants was 
0.075 between the guard cells and the epidermis, in favor of the guard cells, 
it was 0.261 between the spongy parenchyma and the epidermis, in favor 
of the spongy parenchj’^ma. It is interesting to note that while the actual 
values are considerably higher in the woody plants than they are in the 
herbaceous, the differences of the mean values are about the same in the 
woody and the herbaceous plants. The average value for the epidermis 
was 0.3975 in the herbaceous plants and 0.6 for the woody; for the guard 
cells it was 0.485 in the herbaceous and 0.675 in the woody; for the spongy 
parenchyma it was 0.63 in the herbaceous, and 0.861 in the woody plants. 

The results of the experiments, which were carried out to demonstrate 
the variation of the guard cells in response to the natural factors which 
influence the plants during the day, are recorded in table II. The values 
recorded for the guard cells were usually not much different from the 
value recorded for the epidermis of the same plant, bcause the readings 
were taken at an early hour, when the factors had not effected a great varia- 
tion in the relatively short time of exposure. The measurements recorded 

TABLE II 

Variations or Og in the guard cells in response to light 


Plant 

No. 

Lower 

EPIDERMIS 

Guard cells 

Spongy 

PARENCHYMA 

Shaded 

Light 

Shade 

Light 

Shade 

Light 

Shade 

Sedum spuri^um . 

1 

0.275 

0.275 

0.500 

0.4 

0.450 

0.550 

Naturally 

Cramhe maritima 

2 

0.375 

0.375 

0.950 

0.625 

0.550 

0.550 

By umbrella 

Crambe niariiinia 

3 

0.375 

0.375 

0.950 

0.500 

0.550 

0.550 

By foil 

Nymphaea alba .. 

4 

0.300 

0.300 

0.550 

0.550 

0.500 

0.500 

Naturally 

Vinca major 

5 

0.75 

0.75 

1.250 

0.950 

0.750 

0.750 

By foil 

Vinca minor 

6 

0.65 

0.65 

1.3.00 

0.950 

0.750 

0.750 

By foil 
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in table II were made in the evening. Some plants were exposed to the 
light during the day, while neighboring plants were shaded. Except in one 
case, the shaded plants showed considerably lower Og in the guard cells 
than did the plants normally exposed to the sun. It is not surprising that 
the one exception (Nymphaea alha) behaved as it did, if the guard cells are 
understood to be a regulating tissue : The water supply is maximum at all 
times so that no high degree of regulation is necessary for the rate of 
transpiration. Plant no. 3, Crambe maritima showed the greatest varia- 
tion, the plant in the shade showing a value of 0.45 mol less than the plant 
in tlie light. 

A great many measurements that were made on the tissues of leaves, 
taken from various plants at different times of the same day, tend to show 
that the Og of the epidermis does not vary much, if at all, during the day, 
no matter if the weather be fair or rainy; the guard cells vary consider- 
ably, particularly when the weather is fair ; the spongy parenchyma varies 
more than the epidermis, tliough usually not as much as the guard cells. 



Fig. 3. Diurnal variations of Og in the tissues of an ivy leaf. 

In figure 3 the graphs of the results obtained on the leaf of Hedera helix 
are given by way of illustration of the variations which occur in the epi- 
dermis, the guard cells and tlie spongy parenchyma, during a period of 
24 hours. 

The value of the epidermis remained constantly at 0.550. The guard 
cells had an initial value of 0.550 at midnight and at 4 : 00 A. M. ; then an 
increment set in, which continued at different rates up to 2 : 00 P. M., at 
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which time the maximum value was 0.700; the greatest rate of increment 
was between 8:00 A. M. and noon ; the rate was less from 4:00 A. M. to 
8 : 00 A. M. than it was from noon to 2 : 00 P. M. ; the drop from the maxi- 
mum value after 2:00 P. M. was decided and sharp until 4 : 00, when no 
variation occurred until 6 : 00 P. M., then the decrement was sharper than 
after 2 : 00 P. M. ; a slower rate of decrement set in at 9 : 00 and continued 
until midnight when the initial value of 0.550 was reached. 

The variations of the spongy parenchyma were quite different from 
those of the guard cells. The sense of the variation was usually opposite, 
and the rates were different. The initial value at midnight was 0.70 ; there 
was a decrement up to 4 : 00 A. M. and then the value remained constant 
up to 8 : 00 A. M. (at 0.675). From that time up to 2 : 00 P. M. there was 
a decrement with a greater rate of change from 8:00 A. M. to 10 : 00 A. M. 
than from 10:00 A. M. to 2:00 P. M. The lowest value at 2:00 o’clock 
was 0.625. Prom that time a considerable increment occurred until 6:00 
P. M., when the value 0.725 was reached. The value remained the same 
until 9 : 00 P. M., when a further increment was experienced up to mid- 
night ; then the maximum was reached at 0.750, which was 0.05 mol higher 
than the initial value. 

The facts that it had rained shortly before this experiment was begun, 
and that during the time of the experiment the barometer was high with 
sunshine during the day, might be helpful in interpreting these interesting 
results. 

Other plants were examined and found to respond in the same sense, but 
not always in the same degree. Among these I wish to mention, Vinca 
minor, Vinca major, Cydonia japonica, Evonymus japonica, Acer negundo, 
Musa sinensis, Canna, Datura stramonium, Nasturtium officinalis, Solidago 
canadensis, Taraxacum officinale, Plantago major, Paeonia officinalis, Caltha 
palustris, Sedum ielephium, Sedum spurium, Sempervivum tectorum, 
Cramhe maritima. Euphorbia lathyrus, Sinapis alba, and Cobaea scandens. 

As might be expected, the degree of variation was not the same in all 
of these plants. In Taraxacum for instance, the epidermis showed a slight 
decrement from 7:00 A. M. to 3:00 P, M. (from 0,55 to 0.525). The 
guard cells manifested a greater increment in Taraxacum than in the case 
of the ivy leaf just cited. At 7 : 00 A. M. the value w^as 0.55 and at 3 : 00 
P. M. it w^as 0.775. The spongy parenchyma decreased its Og from 0.8 at 
7 : 00 A. M . to 0.7 at 3 : 00 P. M. In Plantago major the maximum for the 
guard cells was 1.05 at 2 : 30 P. M. and the minimum 0.75 at 6:00 A. M. 
Simultaneously the spongy parenchyma showed a maximum of 0.9 when 
the guard cells were at minimum, and a minimum of 0.8 when the guard 
cells were at maximum. Saponaria ocimoides failed to show a variation 
in the spongy parenchyma, as well as in the epidermis, even though the 
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weather was sunny. The guard cells varied as usual but the increment 
was 0.1, from 0.65 to 0.75. • 

Time does not permit further discussion of this interesting subject. I 
feel convinced that the facts adduced indicate that interesting variations 
of Og occur in the plant under the influence of the factors of the natural 
environment, and that they deserve investigation along the lines suggested. 

Annual variations as well as daily variations occur. The results ob- 
tained tend to show that some factors which failed to affect a tissue in a 
short time will eventually affect it after a longer time of exposure. This 
is particularly true for the epidermis. In figure 4 the graphs of results 
obtained on an ivy leaf are given. 
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Pig. 4. Annual variation of 0« in an ivy leaf. 


On June 24th the Og of the epidermis was 0.6 mol and on February 3rd 
of the following year it was 0.875 mol. The measurements recorded in the 
graph were made on the same plant which stood in garden soil, exposed to 
the weather for many years. All of the measurements were made at about 
2 : 00 P. M. The guard cells were the least regular. This might be ex- 
pected since they respond quickly to certain factors that might have 
influenced them for a short time, previous to the measurement. The varia- 
tions in the spongy parenchyma are about as regular as those of the 
epidermis. It is particularly interesting that all of the tissues showed 
maximum values on February 23rd. The epidermis reached the maximum 
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ot 0.875 mol on February 3rd already. The other two tissues continued to 
increase in Og. The guard cells reached maximum value at 0.95, and the 
spongy parenchyma at 1.00 mol. The difference between maxima and 
minima were 0.275 for the epidermis 0.25 for the guard cells, and 0.3 for 
the spongy parenchyma. It is interesting that these differences are almost 
the same. 

An explanation of these phenomena cannot be offered at present, and 
the facts are merely recorded for the consideration of other investigators. 
At some later time when the study of the different influences of certain 
factors on the Og of plant tissues has been completed, it is hoped that an 
adequate explanation may be offered. It would be very helpful in this 
work to know more of the effect which these factors have on the nature and 
(juaiitity of the solutes of the sap. 

Summary 

The Og (C, 2 H,_,j.Oj,) is the osmotic value at incipient plasmolysis, when 
cane sugar is employed as tlie plasmolysing agent. It is expressed in molal 
concentration units. This quantity must not be confounded with the 
osmotic pressure, nor with the concentration of the cell sap. 

Variations in the Og for a given tissue can .serve as an indicator of 
physiological activities in that tissue. Variations were studied in the 
epidermis, the guard cells, and the spongy parenchyma. 

The Og is characteristic for a tissue. It is greater in woody plants than 
in lierbaceous plants. 

Tile guard cells respond quickly and considerably to the influence of 
certain factors in the natural environment. The response in the spongy 
parenchyma was evident but usually not as rapid as in the guard cells. 
The response in the epidermis was usually negligible or slow. 

The diurnal variation was negligible in the epidermis, considerable in 
the other two tissues. The character of the variation was different in the 
spongy parenchyma and the guard cells; at times the increments were 
opposed in direction. 

The annual variations were evident in all three tissues, the Og increased 
in all of them from the latter part of Spring to the end of February, when 
a rapid decrement set in, which continued up to Spring. The increment 
was least regular in the guard cells. The rate of increment was greatest 
in all of the tissues during the months of December and January. 

Univkesity or Dayton, 

Dayton, Ohio. 




FACTORS MODIFYING THE TOXICITY OF PHENOL 

Walter S. Eibenmengeb 
(with one figure) 

Introduction 

That various solids when added to toxic solutions have a detoxifying 
effect is not a new concept. True and Oglevee ( 4 ) found that glass, filter- 
paper, etc., segregated the more toxic components of certain aqueous solu- 
tions, thus lowering the concentration of these toxins in other regions of the 
solvent. They found also that dilute strong poisons are more affected than 
strong weak ones. This seems to be true for both electrolytes and non- 
electrolytes. 

It would seem reasonable to anticipate a decided detoxifying effect or 
increased concentration at the interface of the adsorbent if the solute low- 
ered the interfacial tension of the solution appreciably and the adsorbent 
carried a charge opposite to that of the toxin in aqueous solution. 

Silica gel has been used commercially for adsorption of certain gases, 
but perhaps is not so generally used as activated charcoal for solutions. 
In this study of the action of substances modifying the toxicity of phenol, 
silica gel was chosen, not for its particular efficiency, but for the reason 
that it resembles to a degree one or more components of the more hetero- 
geneous materials of which the soil is composed and to which plants have 
adapted themselves as a medium. 

It is not known to what extent phenol occurs in soils, but it is reasonable 
to suppose that it is present to an extremely slight extent, if at all. We do 
know that conjugated forms of it in minute quantities are at times thrown 
off as excretory products of animals and as such may find their way to 
the soil. 

Plants have adapted themselves to substances found most frequently in 
soil waters, and in a general way we may state that those elements which 
have a high solution tension and are also most abundant in the earth’s 
crust are the least toxic. For example, we may contrast the slight toxic 
effect of the relatively abundant elements, sodium, potassium, and calcium 
with the more toxic effects of the rather rare elements, caesium, litliium 
and barium. 

The same seems true of non-electrolytes (although more exceptions can 
be noted). Phenol does not occur in nature to any perceptible degree, but 
it is quite soluble. It exerts a marked degree of toxicity. Acetic and 
formic acid molecules are less toxic than cinnamic and hippuric molecules, 
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(True, 6). Methyl and ethyl alcohol are less toxic than normal amyl, or 
normal hexyl alcohol, (Bi^enmenger, 2 ). 

The objects of the present study were: (1) to determine the relative 
toxicity of phenol at various concentrations in water solution; (2) to deter- 
mine to what degree toxicity would be affected by the utilization of silica 
gel as an adsorbent; (3) to determine the effect on growth when mixtures 
of calcium nitrate and phenol in aqueous solution are used as the medium ; 
(4) to determine the degree of adsorption of phenol in aqueous solution 
by silica gel. 

Methods 

As a criterion of toxicity the growth of roots of germinating soy-bean 
seedlings Tvas used. The salts and organic matter of the seeds in the very 
early stages of growth are sufficient to prevent starvation. 

The methods employed for determining growth rates were essentially 
the same as those used by Trelease and Trelease (3) and by Eisenmenger 
(1). The seeds were germinated on moist filter-paper in glass culture 
dishes in a dark room. 

For each culture a Pyrex beaker of 300-cc. capacity (usual, or tall form 
without spout) was used. Over the top of this beaker was stretched a 
piece of paraffined mosquito netting which was secured below the rim by 
a ligature of paraffined linen thread. This beaker was then ])laced in a 
second Pyrex beaker of 600-cc, capacity and the culture solution was 
poured in until the liquid levels inside and outside the smaller beaker were 
even at its top. 

When the primary roots of the seedlings had an average length of abcnit 
10 mm., seedlings were placed on the mosquito netting so that the roots 
dipped into the culture solution. Duplicate cultures, each of twenty-five 
plants, were used for each experimental solution. 

The cultures were kept in a dark room, and the seedlings were allowed 
to grow until tlie primary roots of the control culture had acquired a length 
of about 98 mm., or until these roots had elongated about 88 mm. (98“10). 

The length of the primary root of each individual plant was then 
recorded, and the average length of the roots of each culture was computed. 
Prom this length was deducted the average length of the roots when the 
seedlings were taken from the germinating dish. This difference consti- 
tuted the average elongation of the culture. The growth data are relative 
values. Each was obtained by dividing the average elongation of a given 
culture by the average elongation of the control culture and multiplying 
by one hundred. 

The average time required for the roots of the control solutions to ac- 
quire a length of 88 mm. was 90 hours. Four control cultures of 25 seed- 
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lings each were used. Also two distilled water cultures of 25 plants each 
were included in each series. The composition of the control solutions was 
as follows: 0.02 M KH 2 PO 4 ; 0.02 M Ca(N 03)2 and 0.02 M MgSO*. The 
average temperature was 21® C. 

The total concentration of phenol and of calcium nitrate was 0.006 M 
for one series of cultures and 0.06 M for the other. The beakers contained 
tl;e folowing percentages of the total molecular concentration; 0, 2, 5, 15, 
30, 50, 70, 85, and 100. In the solutions containing mixtures of phenol 
and calcium nitrate the following percentage proportions of 0.06 M of 
each component were used: 0 + 100, 2 4 98, 5 + 95, 30 + 70, 50 + 50, 70 + 30, 
85 4 15, and 100 + 0. 

When silica gel was used, 3 grams were placed in each beaker (300-cc. 
capacity) containing the various proportions of phenol. The contents of 
the beakers containing the phenol and gel were agitated at intervals during 
the j)eriod of growth. 

The silica gel was of 200 mesh size. It had previously been washed 
until the filtrate gave no test for electrolytes. 

In order to determine the apparent degree of adsorption, 300 cc. of the 
various concentrations of phenol — 2, 5, 15, 30, 50, 70, 85, 95, and 100 per 
cent, of 0,06 M phenol in aqueous solution — ^^^ere placed in a flask. In 
each of the flasks were placed 3 grams of silica gel for a period of time 
ecjual to the time the plants in the other series were growing. As before, 
the materials were agitated at intervals. The final concentration of the 
supernatant liquid was determined by adding an excess of standard 
bromine solution (Koppeschaar solution) to a portion of it, and titrating 
the excess of bromine with sodium thiosulphate. 

Results 

Toxicity or phenol 

In the experimental data (table I) it will be noted that as the concen- 
tration of phenol becomes higher the toxicity increases — the relative growth 
becomes less. This is indicated by the percentage proportions of 0.006 M 
and of 0.06 M (figure 1 A and IB). When the concentration is higher than 
0.03 M (50 per cent, of 0.06 M) scarcely any growth occurs. 

Growth in solutions of phenol to which silica gel was added 

An examination of table I shows that solutions of phenol to which silica 
gel was added afforded better gro'wth in nearly all concentrations than did 
the same concentrations of phenol without silica gel. This is likely due to 
the removal of some toxic principle. Since phenol is not highly ionized, 
the toxicity is not due to any great extent to the hydrogen ion. 
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to which three grams silica gel were added to each phenol solution, (3) solutions contain- 
ing mixtures of phenol and calcium nitrate, (4) solutions containing calcium nitrate. 
Ordinates represent percentages of root elongation for standard solution; abscissas rep- 
resent molecular proportions of 0.006 M. B. Root elongation of seedlings in solutions 
of (1) phenol, (2) solutions to which three grams of silica gel were added to each phenol 
solution, (3) solutions of calcium nitrate. Ordinates represent percentages of root 
elongation for standard solution; abscissas represent molecular proi>ortions of 0.06 M. 
C. Adsorption of phenol by silica gel. Ordinates represent milligrams of phenol per 
gram adsorbent; abscissas represent percentage proportions of 0.06 M phenol. 

At lower concentrations as in the percentage proportions of 0,006 M 
the culture solutions containing the silica gel afford an average growth 
approximate! 5 ^ 8 per cent, better than those containing no gel. In the 
case of percentage proportions of 0.06 M this increased average is slightly 
more than 4 per cent. As the concentration of the phenol increases, the 
effectiveness of the gel to detoxify rapidly diminishes. At a concentration 
of 0.042 M growth is inhibited even though the silica gel is present. In 
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other words, at low concentrations of a toxic substance the media are rela- 
tively more sensitive to modifying agencies of this kind than at high con- 
centrations. 

Toxicity of calcium 

In the consideration of phenol vre could regard the toxicity as the action 
of the molecule or a part of the molecule. In the case of calcium nitrate 
we are dealing for the most part with the toxicity of the calcium ion. Soy- 
bean seedlings are not decidedly sensitive to this ion; in fact, concentra- 
tions lower than 0.03 M seem to be less toxic to the seedlings than is dis- 
tilled water. The roots of the seedlings grown in distilled water averaged 
only 71 per cent, of the length of those grown in control solutions. Low 
concentrations of calcium nitrate may serve to regulate the osmotic pres- 
sure which is undoubtedly a factor in distilled water toxicity. It is ob- 
vious, however, (figure IB) that calcium ions are toxic at higher con- 
centrations. When the concentration is eipial to 0.042 M (70 per cent, of 
0.06 M) there is a decided falling off in growth. 

A solution of Ca(N 03 )y of concentration 0.018 M (30 per cent, of 
0.06 M) is about as toxic as one of 0.00012 (2 per cent, of 0.006) solution 
of phenol. 

Toxicity of mixtures op phenol and calcium nitrate 

Mixtures of phenol and calcium nitrate throughout all proportions 
(figure lA) are more toxic than the corresponding single solutions of 
calcium nitrate. 

When the percentage proportion of phenol exceeds the percentage pro- 
portion of calcium nitrate of the 0.006 M mixture, the solution is slightly 
more toxic than either of the components used singly. 

When the percentage molecular proportion of calcium salt (‘xceeds the 
percentage molecular proportion of phenol, the mixture is less toxic than 
the corresponding single solution of phenol. The average growth in all 
the percentage proportions of calcium nitrate is approximately 54 per cent, 
better than in the corresponding solutions of the mixture. 

It seems evident that when phenol has exerted its maximum toxicity no 
proportions of calcium salt can undo the effects — it has become a type of 
irreversible reaction. When the normal function of the cells is impaired 
but not totally disorganized, calcium may serve to remedy the harmful 
effects to a perceptible degree. 

Adsorption 

In an attempt to determine quantitatively the degree of adsorption, 
considerable difficulty was encountered at low concentrations. For the 
series, 2, 5, 15, 30, 50, 70, 85, 95, and 100 per cent, of 0.06 M phenol solu- 
tion, values were obtained that seem fairly consistent (figure 1C). For the 
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same percentage proportions of 0.006 M no consistent increments were 
obtained by the analytical procedure. 

For 300-cc. portions and 3 grams of silica gel with the above percentage 
proportions of 0.06 M the following values were derived : 


M 

Grams of phenol per 

300 CC. SOLUTION 

Grams op phenol ad- 
sorbed BY 3 GRAMS OF 
SILICA GEL 

0.0012 

0.0338 

0.00119 

0.0030 

0.0846 

0.00660 

0.0090 

0.2540 

0.00864 

0.0180 

0.5080 

0.01087 

0.0300 

0.8467 

0.04030 

0.0420 

1.1854 

0.04171 

0.0.010 

1.4394 

0.04162 

0.0570 

1.6087 

0.05024 

0.0600 

1.6934 

0.05890 


The average adsorption was approximately 3 per cent, of the total 
amount of phenol present. Silica gel adsorbed approximately 0.03 to 2 
per cent, of its weight of jihenol. 

In view’ of the fact that adsorption does occur it seems more plausible 
to attribute the lessened toxic eifects to lowered concentration of the media 
rather than to any oligodynamic phenomena due to retention by the silica 
gel of substances that could not previously be w'ashed out. 


Summary 

The toxicity of phenol to plants increases with increased concentration. 

Silica gel when placed in aqueous solutions of phenol lowers the degree 
of toxicity. When the concentration of phenol is increased the detoxifying 
elfect is decreased. 

At a total concentration of 0,006 M mixtures of phenol and calcium 
nitrate exert a toxic effect greater than that of calcium nitrate used singly. 
When the molecular proportion of calcium nitrate exceeds that of phenol, 
the toxic effects are less than those of the corresponding single solutions of 
phenol. 

A portion of the phenol w^as adsorbed by the silica gel. 

Massachttbktts Agricultural College, 

Amherst, Massachusetts. 
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STATISTICAL STUDY OP THE TOTAL NITROGEN IN 
BARTLETT PEAR SHOOTS^ 

A. S. Mtjla Y 
(with five figures) 

When working with biological material, especially trees, it is very diffi- 
cult to adequately control all the external conditions. Internal conditions, 
either in plants or animals, are largely beyond control and beyond even 
such observations as may enable us to select a number of similar indi- 
viduals. Thus the material to be studied is essentially heterogenous, which 
makes a statistical study of the material necessary for proper interpretation 
of the experimental results. The pertinent questions, answ^ers for Avhich 
are sought in the present study, are: (1) What is the magnitude of the 
natural variations? (2) How large a population should be taken to get 
results w^hieh will be representative of the group? 

Material and methods 

The material for this study was collected in the years 1927 and 1928. 
In 1927, fifty shoots were collected on the 4th of December from 50 uniform 
five-year-old trees at the University Farm, Davis. In the following year, 
shoots were collected on the 14th of November from thirty-year-old trees 
in a commercial orchard,^ One hundred and fifty shoots were collected at 
random from a single tree and ninety from as many different trees. Some 
slioots were also chosen for the color of their bark ; forty green and twenty- 
five brown shoots were collected from a single tree. 

All the samples were separated into bark and wood, dried at 50® C., 
and ground to a fine powder. Another series of 272 shoots collected from 
a single tree was analyzed for total nitrogen without separating the bark 
from the wood. 

The total nitrogen w^as determined by the simple Gunning method as 
described in the official methods of the A. 0. A. C. (1). 

Results 

The results are presented as theoretical frequency curves (3) in figures 
1 to 5, where observed frequencies are marked by circles. Figures 1 and 2 
show frequency distribution of the bark and the wood total nitrogen in 

1 1 ani much indebted to Dr. J. P. Bennett for his helpful suggestions throughout 
this work. 

2 This orchard is two miles south of Martinez, California, and has a valley climate. 
Thanks are due Mr. F. Swett, owner, for his kindness in furnishing this material. 
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Fig. 3. Frequency distribution of total nitrogen in Bartlett pear 3928 bark from 

a single tree. 



Frequency distribution of total nitrogen in Bartlett pear 1928 bark from 
a single tree. 


Fig. 4. 
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Fig. 5. Frequency distribution of total nitrogen in Bartlett pear 1928 twigs. 


shoots from 50 dilferent trees of the 1927 collection. Figures 3 and 4 give 
the nitrogen distribution in the bark and the wood from shoots collected at 

TABLE I 

Number of variants, mean, quartile, and number required for desired assurance, 

FOR THE DIFFERENT SERIES IN THE VARIABILITY STUDY 





Number of 

VARIANTS 



Number 



Series 

Mean 

Quartile 

required 

FOR desired 

ASSURANCE 



j .2 

Bark 

49 

1.148 ± 0.007 

0.0456 

10 

d 

1 t- 







1 d Oi 

I P ^ 

Wood 

48 

0.510 ± 0.005 

0.0375 

35 
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Bark 

87 

1.225 rt 0.008 

0.0440 

8 









00 

Wood 

87 

0.651 rt 0.006 

0.0321 

15 


C'J 







Oi 

r-l 

Bark 

149 i 

1.163 It 0.004 

0.0498 

12 


tT 

Vi 

i 

Green 

40 

1.077 ± 0.005 

0.0304 

5 


d 







% 

lU 

Brown 

25 

1.244 J: 0.004 

0.0220 

2 
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cu 
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Wood 

149 

0.600 ±: 0.002 

0.0349 

22 

g 

2 

Green 




o 

d 

40 

0.585 rh 0.004 

0.0244 I 

n 


© 

Brown 

25 

0.652 ± 0.005 

0.0239 

8 



Twigs 

272 

0.577 ± 0.003 

0.0475 

44 
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random from a single tree in 1928. Figure 5 shows nitrogen distribution 
of unseparated shoots from a single tree. As the results for the wood and 
the bark of the shoots collected from many trees in 1928 are similar to 
those for the shoots of 1927 they are not presented here. 

Table I gives the number of variants, the mean, the quartile or 
P. E. Single (Q), and the number of shoots (N) required to assure the 
odds of 142 : 1 that the true value lies within ±: 5 per cent, of the observed 
value. The formulae used in this connection were; 

q = 0.6745\/|^ 

N _ (Coefficient of oddsxP. E. Single)^^^ 

Deviation 

Discussion 

The results show that there is considerable difference in the extremes 
of the total nitrogen content both in the bark and in the wood of the pear 
shoots collected at the same time either from one or from many trees. Fig- 
ures 1 and 2 for shoots from Davis show that the highest total nitrogen 
value for the wood is about 150 per cent, of the lowest, and the highest for 
the bark about 134 per cent, of the lowest. The bark of the shoots collected 
from a single tree shows differences (figure 4) similar to those in the bark 
of shoots from many trees, while the highest value for the wood from the 
slioots collected from a single tree (figure 3) is only about 136 per cent, 
of the lowest. The differences in the extreme values is much reduced both 
in the bark and in the wood when the shoots are selected by color. In the 
unseparated shoots this difference is about 80 per cent, of the lowest. 

Prom table I it is seen that the bark and the wood of the green shoots 
have a smaller mean nitrogen content than the bark and the wood of the 
brown shoots. This shows that the total nitrogen content of the shoots 
varies according to the physiological age of the shoots and gives some 
ground for thinking that the differences in the total nitrogen content of 
the shoots collected at the same time may in part be dxie to the differences 
in their physiological age, though they may not show any visible evidence 
of this age. 

(Comparison of the quartiles in table I shows that the bark and the wood 
samples of 1927 are very similar to those of 1928 and in the 1928 samples 
those from many trees differ very little from those from one tree. The 
shoots collected from many trees are not more variable than those from 
one tree. The bark in general seems to be more variable than the wood, 
the quartile for bark being about 0.046, and for wood about 0.035. The 
shoots selected by color are less variable than those collected at random. 
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The quartiles for the green and the brown bark are 0.030 and 0.022 and 
those for wood from tlie green and the brown shoots are 0.024 and 0.024. 

The last column in table I gives the number of shoots required to assure 
that the total nitrogen values observed are within ±: 5 per cent, of the true 
value with the odds of 142 : 1. The number of the shoots required for this 
assurance is 8 to 12 for the bark, while for the wood it is 22 to 35. About 
35 shoots from Davis pear trees are required to get a representative wood 
sample. As these values are not very precise, it is desirable, that whenever 
possible 40 or more shoots should be taken for a sample to assure a good 
representation. 

Summary 

Individual shoots either from the same or from different trees var 3 ^ con- 
siderably in their total nitrogen content. The highest value for bark is 
35 per cent, and for wood 50 per cent, higher than the respective lowest 
values. The shoots collected in 1927 are similar in their variability to those 
collected in 1928. The shoots collected from different trees do not var.v 
any more than those collected from a single tree. 

The bark and the wood from the green slioots are lower in their total 
nitrogen content than that from the brown shoots. This shows that the 
differences in the phj'siological conditions of the shoots may in part explain 
the variations in their total nitrogen content. 

A sample of about 35 to 40 shoots is required to assure the odds of 142 : 1 
that the true value lies ^^ithin it 5 per cent, of the observed value. 

University or CAuroRNiA, 

Berkeley, California. 

LITERATURE CITED 

1. Association of Official Agricultural Chemists. Official and tentative 

methods of analy.sis. 2nd ed. Washington, D. C. 1925. 

2. Denny, F. E. Formulas for calculating number of fruits required for 

adequate sample for analysis. Bot. Gaz. 73: 44-57. 1922. 

3. Gavett, G. I. A first course in statistical method, pp. 185-211. 

McGraw Hill Book Company. 1925. 



COPPER AS AN ESSENTIAL FOR PLANT GROWTH^ 

A. L. Sommer 
(with three figures) 

The stimulating effect of copper on plant growth was noted early in the 
use of copper salts as fungicides. A few years ago Felix (3) obtained 
improvement in the growth of certain plants on several peat soils by the 
application of copper sulphate, both to the soil and in solution to the leaves. 
Allison, Bryan, and Hunter (1) were able, by the use of copper sulphate, 
to produce crops on certain otherwise unproductive peats of the Florida 
Everglades. Other treatments, notably caustic lime, manganese sulphate, 
and manure also gave improvement, but were not so beneficial as copper 
sulphate. Bryan (2) also obtained greening in chlorotic leaves of plants 
grown in this soil by treating them with solutions of copper sulphate or 
manganese sulphate. These investigations do not furnish final proof, how- 
ever, that copper is essential to plant growth. The work reported in this 
paper provides additional evidence on this point. 

Sunflowers, tomatoes, and flax were used in these investigations. One- 
liter pyrex beakers with paraffine-coated, plaster of Paris covers were used 
as containers for the solutions in which the plants were grovn. All water 
used in making up the nutrient solutions was redistilled from pyrex. In 
the first experiment with sunflowers the salts used had been repurified for 
an earlier study (6) on the effects of the absence of boron on plant growth. 
These salts had been reerystallized from water from a copper still ; this still 
had the usual block tin condenser. In later experiments the water used for 
the purification of the salts was redistilled from pyrex. The methods used 
for the repurification of the salts* are described in a previous paper and 
will not be reiterated here. 

The solutions to which copper was or was not added had the following 
composition : 

1 Presented before the Division of Biological Chemistry at the 78th meeting of the 
American Chemical Society, Minneapolis, Minn., Sept. 9-13, 1929. 

2 Analyses made recently in the laboratory of Professor Fred Allison (see Journal 
of the American Chemical Society 62: 3796-3806. 1930, for method) on samples of some 
of these salts showed that copper in a concentration of about 5 x 10-” was present in 
the solutions because of copper added as an impurity of the KNO*, KH2PO4, and 
MgS04. Unfortunately samples of the other salts and the distilled water used were not 
available so that the total (*op|)er concentration of solutions to which copper was not 
intentionally added could not be determined. The amount added as impurities in the 
salts must, however, have been very small. 
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per liter per liter 

KNOs 0.80 gm. MgSO, • TH^O 0.50 gm. 

KHoPO^ 0.15 “ CaSO^, saturated solution, 300 cc. 

Iron was added in the form of PeSO^ as the plants needed it. In the work 
with sunflowers, traces of the following elements were also added: man- 
ganese, aluminum, iodine, fluorine, sodium, chlorine, and boron. In addi- 
tion to these, traces of tin, rubidium, lithium, barium, mercury, nickel, 
cobalt, arsenic, and lead w^ere added to the cultures of tomatoes and flax. 
An excess of SiO^ was added in all cases. 

Dw-arf sunflowers were used as experimental plants in the first investi- 
gation. The cultures were divided into two groups, one with and one with- 
out copper. Five cultures of two plants each were included in each group. 
Copper, as copper sulphate, wes added to the solutions receiving copper at 
the rate of 0.125 mg. per liter. Two subsequent additions, one of 0.125 mg. 
and one of 0.06 mg. w ere made. 



Fig. 1. Sunflowers grown with and without copper. Upper row with copper ; lower row 

without copper. 
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The plants were transferred to the experimental solutions while in the 
cotyledon stage. By the end of the week, the plants in solutions containing 
copper began to show better growth than those without copper. Although 
very variable in size, those receiving copper appeared normal, and all were 
blooming at the time of harvest. Only one plant without copper produced 
a bud which was very small and appeared abnormal. The average dry 
weight per plant of those receiving copper was 4.2 gm. ; that of the plants 
without copper was 0.31 gm. Plants grown with and without copper are 
shown in figure 1. 

Sunflowers of a second series did not do so well. The reason for the 
poorer growth was not determined. Conditions which might have been 
causative, however, were: (1) the culture solutions became overheated when 
the temperature control of the conservatory was out of order, and (2) the 
salts used in the preparation of the nutrient solution were repurified from 
water redistilled from pyrex ; consequently they may have been free from 
impurities which may have been beneficial to the plants of the preceding 
series. With the exception of one plant, those without copper were notice- 
ably poorer within three weeks than those with copper. This plant 
appeared similar to the control plants for several weeks, and was as large 
as some of them wiien harvested. About the time it produced a bud, a 
little later than most of the control plants, it began to appear to be a very 
sick plant, and the bud did not develop. The average dry weight of plants 
without copper was 0.16 gm. Four plants wwe dead and the rest w ere in 
verj’' poor condition. The average Aveight of plants witk copper w^as 0.70 
gm. The tops of these plants appeared normal, but the roots, like those of 
th(» plants without copper, wwe badly infected with fungi. Copper was 
added in this experiment at tlie rate of 0.06 mg. per liter. Four additions 
Avere made during the experiment. 

Tomatoes (Dw^arf Champion) Avere used as experimental plants in a 
subsequent investigation. This series Avas divided into two groups of six 
cultures each, one group with and one without copper. There w^ere three 
plants to each culture. A single addition of 0.06 mg. copper per liter of 
solution was made to each of the six cultures with copper. 

The plants were transferred to the experimental solutions in the 
cotyledon stage. All plants grew* w^ell for the first week. Soon after 
this, some of tlie plants Avithout copper began to appear sickly; two 
were dead by the end of the second week; by the end of the third week 
a third plant had died. All plants Avith copper made good growth until 
the beginning of the seventh w’eek, Avhen one of the plants wdlted ; this plant 
was in very poor condition Avhon the plants w^ere harvested at the beginning 
of the ninth week. Most of the plants with copper had buds, and all except 
the one mentioned w’^ere in excellent condition. The average green w^eight 
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Fig. 2. Tomatoes grown with and without copper. Cultures (A) grown with copper; 
cultures marked (B) grown without. Only 0.06 mg. copper per 
culture was used. 

of plants without copper was 2.9 gm. ; that of plants with copper was 31.3 
gm. The average dry weight of plants without copper was 0.3 gm., while 
that of plants with copper was 2.6 gm. The average did not include the 
three plants without copper which had died nor the one with copper which 
was badly wilted. The plants at time of harvest are shown in figure 2. 

It is well known that copper is toxic to green plants even in relatively 
low concentrations. It w'as foTind by the WTiter in earlier w’ork that there 
w’as considerable inhibition of root development for some plants at a con- 
centration of 0.25 mg. per liter. It is, therefore, not surprising that a single 
addition of 0.06 mg. of copper would determine whether three plants would 
produce, as the largest culture did, 142.2 grams of green matter as com- 
pared with 12.8 grams, the w'eight of the largest culture without copper. 
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Moreover, it remains to be determined how small an amount of copper will 
be sufficient to produce an adult tomato plant. 



Fig. 3. Flax grown with and without copper. Cultures (A) grown with copper, cul- 
tures (B) urithout. 


Flax was the third plant investigated. As in the previous experiments 
the plants were transferred in the cotyledon stage to the solutions to which 
copper had or had not been added. All plants grew well for the first week. 
By the middle of the second week the plants without copper were noticeably 
smaller than those with copper. About the end of the third week the roots 
of all plants appeared somewhat abnormal, and the plants with copper 
seemed to be gi’owing more slowly than before. A second addition of 0.06 
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mg. of copper was made to each of the cultures with copper. Because this 
addition apparently was*of no benefit, an addition of traces of all elements 
previously used in very small amounts was made to all cultures (cultures 
without copper as Avell as those with copper) a week later. The plants with 
copper began to show improvement within a few days, but those without it 
appeared to make no further growth. Six of the plants were dead at the 
time of harvest, fifty-two days after they w^ere transferred to the experi- 
mental solutions. Most of the plants with copper had buds at this time but 
were not of normal size, as were plants grown at the same time in solutions 
of salts of ordinary purity. This indicates that flax has a larger require- 
ment for one or more of the elements added in traces than does the tomato 
plant. The dry weight of eighteen plants without copper was 1.4 gm. ; that 
of the same number of plants with copper was 4.5 gm. Plants grown w ith 
and without copper are show^n in figure 3. 

The investigations of Felix, of Allison, Bryan, and Hunter and of 
Bryan, even though showing very beneficial effects of applications of 
copper, did not furnish conclusive proof that this elements is essential to 
plant growth. Smith ( 4 ) has showm that there is a toxin in the black moor 
soils (Gliede) of Holland wiiieh prevents normal plant growih, and wiiieh 
is rendered non-toxic by copper sulphate. It may be, therefore, that the 
beneficial effects obtained by the above mentioned investigators were due 
to a similar chemical action in the soils when the reagents were applied to 
the soils, or in the leaves w^hen they were treated with solutions of these 
reagents. Bryan showed greening of spots on chlorotic leaves where solu- 
tions of copper sulphate or manganese sulphate had been applied. A man- 
ganese deficiency is knowm to produce a certain type of chlorosis, but plants 
which w^ere grown in solutions of purified salts to w^hich no copper had been 
added w^re never chlorotic at any stage in their growth or decline. We have 
as yet no clew as to w’hat the role of copper in plant metabolism may be, 
but the idea that it may act as an autooxidant is intriguing since it is well 
known that an extremely small trace of this element wdll act as a catalyst, 
greatly hastening the process of rancidity in fats. This catalytic property 
may also explain why both copper and manganese salts are so beneficial 
when applied to certain organic soils. 

I wish to express my appreciation for the aid and encouragement which 
I received from the late Professor «T. Arthur Harris in this work during 
my sojourn at the University of Minnesota. 

Alabama Agricultural Experiment Station, 

Auburn, Alabama. 
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RELATION OF CATALASE ACTIVITY TO PHYSIOLOGICAL 
BREAKDOWN IN JONATHAN APPLES^ 

J. B. Nelleb 
(with two FiaURES) 

Considerable attention is being given to premature breakdown in apples 
for the reason that the disease constitutes a problem of both scientific and 
economic interest. This breakdown, which is physiological in nature, 
occurs in several varieties and has been described by several investigators 

( 2 , 3 , 6 , 10 , 11 , 12 ). 

In the Pacific Northwest the Jonathan variety of apple is particularly 
susceptible to breakdown, which appears to be associated with amount of 
fruit per tree and the condition of the tree. However, the fundamental 
causes are still largely unknown. 

If catalase activity may be considered as an index of the growth or 
nutritive condition of a plant as suggested by Heinicke ( 4 ), and again by 
Knott (7), it may also be an index of the metabolic rate of activity in the 
flesh of an apple that is passing through a state of physiological breakdown. 

Method of determination 

An apparatus (figure 1) was designed that was somewhat different than 
that described by Appleman ( 1 ). A water bath contained a wide mouthed 
reaction bottle of 60-cc. capacity; a three-hole rubber stopper fitted into 
this bottle, one hole being for the stirring mechanism, one for the ingoing 
hydrogen peroxide, and one for the outgoing oxygen. The glass stirrer 
was driven by a motor equipped with a variable speed reducer and was 
lubricated in its contact wdth the rubber stopper wdth a mixture of pow- 
dered graphite and glycerin. The hole in the stopper was cut larger than 
the glass stirring rod to enable a piece of rubber tubing to cover the rod 
where it passed through the stopper. It was found that a gas tight bear- 
ing was thus obtained that could easily be kept lubricated with the graphite 
glycerin mixture. As shown in figure 1 a hydrogen peroxide chamber, 
consisting of the bulb part of a 10-cc. pipette, was built into the system 
using two U-shaped glass T's. This enabled the operator to allow the 
hydrogen peroxide to mix with the catalase suspension after the entire 
system had been closed and the stirring started without changing the 
initial gas volume of the apparatus. During the course of the reaction 

1 Published with the approval of the Director of the Washington Agricultural Ex- 
periment Station as Scientific Paper no. 173, College of Agriculture and Experiment 
Station, State College of Washington. 
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Fig. 1. Apparatus used to determine catalase activity. 


the leveling bulb was lowered occasionally so as to maintain an approxi- 
mate pressure within the system. Readings were taken from the gas 
burette at one minute intervals with the use of a stop watch. All deter- 
minations were made at a temperature of 20“ C. At first a record of air 
temperatures and barometric pressures was kept, but this was not con- 
tinued as it was found that the greatest correction of the gas volumes thus 
obtained was considerably less than the variation between samples. 
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The work of various investigators has shown that the usual method of 
determining catalase activity by measuring the ability of the enzyme to 
decompose hydrogen peroxide results in an activity measurement of a 
relative value only, depending upon the conditions of measurement, such 
as method of preparing the sample, temperature of reaction, and ion 
concentration. Thus Heinioke (6) found that it was necessary to neutral- 
ize tissues with low pH values before consistent catalase values could be 
obtained. Overholser (9) neutralized his pear tissue with calcium car- 
bonate and found that what he terms the quantity of catalase obtained 
thereby was greater but in the same order as the catalase activity of a 
like set of unneutralized samples. The pH of his calcium carbonate treated 
samples ranged from 6.4 to 7.0. 

In the present work it was decided to make all of the determinations in 
the presence of an excess of calcium carbonate. Samples were first pre- 
pared by using immediately a portion of the pulp obtained by passing 
the apples through a grater and then grinding in a mortar with calcium 
carbonate and quartz sand. It was found that the catalase activity was 
much lower than when portions of the same apples were ground in a 
mortar without passing through a grater. It was also found that there 
was much more catalase in the peel than in the flesh and very little in the 
expressed juice. Accordingly the following procedure was adopted. 
Apples were cut in halves (three to ten fruits per sample) with the line of 
cutting through the cheek and green side of the fruit. Thin triangular 
slices were then cut from the halves, care being taken to include the proper 
proportion of skin and core. A sample of twenty grams was macerated 
with five grams of precipitated calcium carbonate, adding enough water 
and quartz sand to facilitate grinding to a smooth paste. This was made 
up to 100 cc. and duplicate 20-cc. portions were pipetted into the reaction 
bottles which were placed in the water bath held at 20® C. The hydrogen 
peroxide was also held at a temperature of 20® C. in the bath. At first it 
was shaken with calcium carbonate before using, but it was found that this 
was unnecessary as no gas was given off thereby. After inserting the 
rubber stopper and stirrer the motor vas started and the gas burette evacu- 
ated. The system was closed and kept under a vacuum of three or four 
inches of water for a half minute to make sure that there were no leaks. 
The 10 cc. of 3 per cent, hydrogen peroxide already introduced into the 
system were allowed to flow down into the catalase suspension and the stop 
watch was started. Gas volume readings were then taken every minute 
for four minutes or longer. Except for the July 2 determinations (table 
III) not more than 70 of the 100 cc. of available oxygen were needed to 
effect a cessation of gas liberation. 
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Experimental 

The apples used in tli^se experiments were ^^rown in the Wenatcliee 
Valley^ and were j)ut into cold storajye at a temperature of about - 1° C. 
as soon as harvested. Upon removal from cold storage they were im- 
mediately subjected to catalase determinations and analysis. 

During the winter of 1928 preliminary experiments with fruit of the 
1927 harvest established the standard procedure that was adopted as de- 
scribed above. In March of 1929 some catalase determinations were made 
on two lots of Jonathans of the 1928 harvest, one of which did and the 
other did not display the characteristic physiological breakdowui. These 
show (table I) that catalase activity tended to be higher in the fruit that 
was breaking down. 

TABLE I 

Relative catalase activity of normal and abnormal lots of Jonathan apples of 

1928 harvest 


Sample 

Lot 1*, SHOWING 

NO BREAKDOWN 

Lot 2*, showing 

BREAKDOWN 

Halves sealed to glass plates 
FOR 10 days at ROOM 
temperature 




From lot 1 

From lot 2 

1 

ce. 

35.7 

Ci\ 

57.1 

cc. 

cc. 

2 

35.1 

39.7 


23.0 

3 . 

1 

46.5 

68.5 

67.8 



* Determined fresh from cold storage in March, 1929. Given in cc. of O.. per 4 
gm. tissue at 20° C. 


Certain of the halves of the apples used for these determinations were 
sealed to glass plates w’itli paraffin and held at room temperature for 10 
days when they w^re analyzed for catalase activity. As showm in table 
I the halves of the sound apples of sample 3 had catalase values of 46.5 and 
67.8 from cold storage and after 10 days at room storage, respectively, 
while corresponding values for the broken down apples of sample 2 w’ere 
39.7 and 23.0. Thus the catalase activity of the sound fruit, starting low, 
tended to go up and that of the broken down fruit, starting high, tended to 
go down when stored at an elevated temperature. This result supports the 
theory that physiological breakdown of Jonathan apples is associated with 
a high metabolic rate which later falls off below’^ that of sound apples. 

2 The samples were kindly supplied by Prof, F. L. Overley of this Station in con- 
nection with his production and storage studies. 
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An analysis (table II) of these apples as taken fresh from cold storage 
indicates that those in the process of breaking down tended to be somewhat 
higher in dry matter, sucrose, and nitrogen. 

In a further study of the course of catalase activity some sound apples 
were subjected to catalase determinations when fresh from cold storage and 
after 2G and 43 days at room temperatures. Figure 2 shows that whereas 


TABLE II 

Composition or Jonathan apples fresh prom cold storage in March, 1929 


Sample and condition 

Total 

SUGAR 

Invert 

SUGAR 

Sucrose 

Acid 

N 

10 

FOR 

5 GM. 

Nitrogen 

Dry 

Matter 

Halves of breakdown lot 

percent. 

per vent. 

per cent. 

CC . 

per cent. 

percent. 

showing least breakdown 
Remaining halves of above, 

10.69 

8.76 

1.93 

2.6 

0.048 

15.81 

showing breakdown 

Sound apples of above 

11.02 

8.45 

2.57 

2.2 

0.046 

15.98 

breakdown lot 

Lot without visible break- 

10.58 

8.90 

1.68 

3.2 

0.049 

15.34 

down 

10.34 

9.04 

1.30 

2.7 

0.033 

14.69 



f ^ ■- 

Fig. 2. Catalase activity of Jonathan apples; A as taken from cold storage; B after 
26 days at room temperature ; C after 43 days at room temperature. 
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the activity rate was considerably higher at the end of 26 days, it had 
dropped slightly below the, initial rate at the end of 43 days. This rise 
and fall of catalase activity during the youth and senescence of the apples 
was probably more pronounced than the graph indicates, as gram equiva- 
lents were used at all dates and those after 43 days of room storage con- 
tained more dry matter than those fresh from cold storage. In this con- 
nection it is of interest to note that Magness and Burroughs (8) found 
with an 18® C. storage that the catalase activity of apples that had been 
previously stored at 0® C. was higher than that of fruit previously stored 
at 1.7® C. OvERHOLSER (9) working with pears, has reported that pro- 
longed storage at 20® C. caused the catalase activity to be much reduced 
over that of fruit stored at 0® C. 

These findings caused an extension of the catalase determinations that 
were made on the next year’s crop to include apples in advanced stages of 
breakdown. On five different dates (table III) samples of normal, broken 

TABLE III 

Relative catalase activity of Jonathan apples op 1929 harvest prom a lot con- 
taining SOUND FRUITS AND FRUITS IN VARIOUS STAGES OF BREAKDOWN.* 


Bate 

Sound apples j 

Breakdown 

SHOWING 

Advanced stages of 

BREAKDOWN 


ce. 

cc. 

ec. 

March 14 . 

28.6 

44.9 


April 8 

32.1 

40.0 

27.2 

April 30 . 

33.3 

46.7 

12.5 

May 15 

40.6 

57.8 ! 

11.1 

July 2 

68.9 

91.7 

13.5 

Average 

40.7 

56.2 

16.1 


* Expressed in ce. of Oj obtained in 4 min. from 4 gin. of tissue. 


down, and badly broken down fruit were taken from cold storage for 
. catalase determinations. As found in previous years catalase activity was 
considerably higher in the fruits that were showing breakdown. It was 
distinctly lower in fruits in advanced stages of breakdown. It may be^ 
observed also that the catalase activity of all samples tended to increase 
with increasing periods of storage with the exception of fruits in advanced 
stages of breakdown, which tended to decrease. 
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Summary and conclusions 

A convenient type of apparatus for catalase determinations is described 
and a standard method of procedure is outlined. 

As a result of a study extending over three seasons on the catalase 
activity of Jonathan apples as related to physiological breakdown, it was 
found that catalase activity tended to be higher in apples going through 
the breakdown process and to be decreased, below that of normal fruits, in 
fruits in advanced stages of breakdown. It was found also that the catalase 
activity of apples that did not develop breakdown tended to increase dur- 
ing the earlier and to decrease during the later periods of storage corre- 
sponding to the youth and senescence of the apples. These findings corrobo- 
rate the theory that catalase activity measurements may be used as an 
index of the rate of metabolic activity. The data lead to the opinion that 
physiological breakdown in apples is associated with or caused by an 
accelerated metabolic rate. 

The fundamental causes of physiological breakdown are still somewhat 
obscure. It is known, ho\vever, that the disease is most liable to occur 
Avhen the crop on a tree is fairly small and the fruits correspondingly 
large (2).^ This is in line with the general tendency of fruit showing 
breakdown to be higher in per cent, of dry matter and sucrose. 

If the breakdown is caused by an accelerated rate of metabolic activity 
a search for the cause might Avell include a study of physiological balance 
with regards to the food supply of the tree and its fruits. It is possible 
that more attention should be given to pruning and thinning operations so 
as to insure an optimum fruit load per tree. The complexity of interre- 
lated factors that influence apple trees grown under intensive cultural 
conditions causes the study of physiological breakdown to be a difficult 
problem. 

Washington Aoeicultural Experiment Station, 

Pullman, Washington. 
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IS ELECTRODIALYSIS USEFUL IN A STUDY OP APPLE TISSUE" 

J. B. Nelleb 
(with one figure) 

The separation of ions from colloids by the process of electrodialysis is 
a procedure that is being used with many types of materials. It has been 
especially favored since the introduction of the three compartment cell 
described by Mattson (1). 

Moore, Reeves, and Hixon (2) appear to have been the first to employ 
this electrolytic method of dialyzing fruit tissue. They used the peels from 
Jonathan apples and found that samples from fruits affected with ‘ ‘Jona- 
than spot’’ reacted differently than those from normal fruits. 

Experimental 

During the course of a study of the cause of Jf)nathan breakdown (3) 
scmie samples were electrodialyzed in an endeavor to learn how the normal 
and abnormal apples might differ from each other. A three compartment 
cell was made much like the one described by Moore. Reeves, and Hixon 
(2) except that instead of moulding a set of rubber sections, they were 
obtained by sawing a hard rubber battery box into three parts (fig. 1). 



Fio. 1. Throe-compartment eleetrodialysis cell, made from a hard-rubber battery box, 
with the rubber gaskets and clamjiing device. 

1 Published with the approval of the Director of tlie Washington Agricultural Ex- 
periment Station as Scientific Paper no. 174, College of Agriculture and Experiment Sta- 
tion, State College of Washington. 
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Pour rubber gaskets were cut to fit the sawed sections of the box and one 
was put on each side of the parchment paper membranes. The cell became 
w^ater tight when clamped together with four bolts. 

Three hundred grams of apple tissue were put through a grater and 
suspended in 750 cc. of distilled water in the central compartment. A 
similar amount of w^ater was placed in the cathode and anode compart- 
ments into which platinum coil electrodes were inserted. A potential of 
110 volts was maintained for six hours, at the end of which time the cathode 
and anode solutions were drained from the cells and replaced with distilled 
water. 

Temperatures taken in the central compartment at the end of each of 
the three six-hour runs per sample w^ere found to average 62°, 47° and 40° 
C., respectively, and the corresponding current readings averaged 800, 630 
and 275 milliamperes. At the beginning of each run the temperatures 
averaged 23° C. and there w^as a current flow' of only a few milliamperes. 

Table I shows that there w'as but little variation in the liydrogen ion 
concentration of the three extractions removed from the anode compart- 

TABLE I 

H-ion' concentrations of solutions in cathode and anode chambers in the elec- 
trodialysis OP Jonathan apple tissue 


Type of sample 

Anode compartment 

Cathode compartment 

Run 1 

Bun 2 

Run 3 

RunI 

Run 2 

Run 3 


PB 

pH 

pH 

pB 

pH 

pH 

Small apples, lot 1,* no 
breakdown present 

3.10 

1 

2.88 

3.35 

Over 8 

4.95X 

7.0 

Large apples, lot 2, no 
breakdown showing 

2.80 

3.13 

3.30 

Over 8 

6.86 

7.0 

Apples of above lot 2, 
with breakdown showing 

2.83 

2.88 

3.34 

Over 8 

7.75 

6.88 


* Lot 1 and lot 2 apples averaged 115 and 180 grams respectively. Each run was 
of six hours* duration. 

» This solution stood over night in the cell with current turned off. 


ment. In the cathode chamber the first extract was alkaline, while the 
second and third were practically neutral. pH values greater than 8.0 are 
not recorded for the reason that a quinhydrone electrode was used. 

It may be observed (table I) that there was little difference in the 
hydrogen ion concentrations of extracts from normal and abnormal apples. 
These apples were distinctly different in that the normal lot 1, viz,, showing 
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no breakdown, were quite small, averaging only 115 grams per apple, 
having been unable to grow larger because of a restricted leaf area control,® 
while those of lot 2, were extra large and averaged 180 grams per apple. 


TABLE II 

Acid and basic materials extracted by the electrodulysis op Jonathan apples 

EXPRESSED AS CC. OP N/10 SOLUTIONS 



Neither were there any distinctive differences in the total amounts of 
acid and basic material extracted from these samples (table II). Some- 
wiiat more acid, however, was the extract from the normal apples of lot 2, 
but this was probably due to the fact that the tissues contained about 40 
per cent, more total acid than those of the apples of lot 1. 

An analysis of these extracts for NO^, Cl, SO^, K, and Ca ions showed 
(table III) that the only one of these ions that w’as extracted in any appre- 
ciable amount was potassium. Sodium and malic acid were not determined 
but must have been present in large amounts. 

Since the ionic constituents of apple tissue consist largely of malic acid 
and its salts, a' study was made of the dialysis of malic acid. Sugar and 
basic material were added to make the mixture more like that of apple 
tissue. This mixture consisted of 60 cc. of N/1 malic acid, 11 cc. of N/1 
sodium hydroxide, and 30 gm. of grape sugar, the whole being diluted to 
750 cc. These ingredients approximate those of the samples of apples dis- 
cussed above. 

After a six-hour dialysis of this mixture the values given in table IV 
were obtained. The acidity accumulation in the anode solution was higher 
than from the apple tissue samples due possibly to the presence of less 
adsorbing material in the synthetic sample. But since the pH value of 
the anode solution was considerably lower than that of a pure malic acid 

2 Dr. J. R. Magnesb and Prof. F. L. Overley kindly furnished these samples from 
their leaf area experiments. 
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TABLE III 

Ionic concentrations found in extracts dialyzed from apple tissue 

EXPRESSED AS PERCENTAGE OP WEIGHT OF TISSUE USED 


T\PE OF SAMPLE 

o 

Cl 

SO, 

K AS Kfi 

Ca AS 
CaO 

Total 

ASH 



per cent. 

per cent. 

per cent. 


per cent. 

Small apples, no break- 







down 

Trace 

0.0032 

Trace 

0.19 

Trace 

0.279 

Large apples, no break- 







down showing 

Trace 

O.OOl.'i 

0.0016 

0.16 

i i 

1 

Large apples, broken 
down fruits of above lot 

Trace 

0.0026 

0.0020 

0.17 

i ( 

^0,320 


solution of the same concentration which was found to have a pH of 2.65, 
it is believed that some active acidity was introduced as an impurity in 
the dextrose that was used. 

TABLE IV 

Electrodialysis op a malic acid-dextrose-sodium hydroxide solution made up to simulate 

APPLE TISSUE FLUID 


Total 

ACIDITY IN 
ANODE CELL 

Total 

ALKALINITY 
IN CATHODE 
CELL 

pH of 

ANODE 

SOLUTION 

('entral 

('ELL 

TEMPERA- 

TURE 

C-URRENT VALUES 

pH op 

RESIDUE IN 
CENTRAL 
CELL 

o 



CC . N/10 

pH 

° c. 

milli- 

amperes 

volU 

pH 

151 

44 

2.03 

Ot) 

800 

100 

2.70 


At any rate, the results show that malic acid dialyzed fairly rapidly 
under the conditions imposed. Tlie analyses "iven in table ITT, indicate 
that it accounted almost entirely for the acidity obtained in the apple 
tissue dialysis. Since there is so much malic acid in apple tissue, it seems 
that its proj:rressive dialysis would mask any possible difference as to the 
amount, or manner in which it mi^ht be held, in normal and abnormal 
tissue. This would explain the similarity in acid extractions obtained 
from the normal and broken down fruits of the above experiment (table 
II). In this connection it is to be recalled that Moore, Reeves, and Hixon 
obtained differences (2) in the rate of acid dialysis from normal apple 
peels and from those affected with Jonathan spot. 

As found by these authors, the basic material that was obtained was 
removed during the early stages of dialysis (table II). While about the 
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same per cent, of malic acid was extracted from their samples, as in the 
present case, the percentage of basic material that they obtained was con- 
siderably higher. This suggests that much of the cation material of an 
apple is located in or near the skin. Table II, shows that about the same 
amount of basic material was obtained from normal apples as from those 
that were in stages of physiological breakdown. 

These data tend to show that an electrodialysis separation is not useful 
in a study of the physiological breakdown of Jonathan apples. This does 
not mean that such fruits are not measurably, as well as visibly, different 
from those that are normal. For instance, it was found (3) that they 
differed in catalase activity and in composition. Since physiological break- 
down results in the disintegration and death of the cells it is probable that 
factors, such as respiration and electrical resistance, are affected. Possibly 
also a different rate of electrodialysis than that described here would show 
a differentiation. 

Summary and conclusions 

A comparative electrodialytie study of normal and physiologically 
broken down Jonathan apples revealed no essential difference between the 
two types of fruits. 

Extracts obtained from the anode compartment consisted almost en- 
tirely of malic acid. Only traces or very small amounts of nitrate, sul- 
phate, and chloride ions were found to be present. 

Extracts taken from the cathode compartment contained very little 
calcium and appreciable amounts of potassium, enough to account for over 
half of the total ash. 

Practically all of the basic dialyzable material was obtained during the 
first six-hour period. The malic acid continued to dialyze out, but at a 
decreasing rate, throughout three six-hour periods. 

The electrodialysis of a malic acid-sugar solution was similar to that 
of apple tissue itself. 

The construction of a three compartment cell from a rubber battery 
box is described. 
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BRIEF PAPERS 


CHANGES IN OSMOTIC PRESSURE OP BANANAS 
DURING RIPENING 

(with two figures) 

Various data are found in the literature indicating an increase in mois- 
ture content of the pulp of bananas during ripening. Of the physiological 
processes occurring, respiration causes the production of water. At the 
same time water is utilized in th^ hydrolysis of starch to sugar. As these 
two processes occur simultaneously, a part of the water produced by 
respiration may be used up in the hydrolysis of starch. Gore' has calcu- 
la*ted the water formed by respiration and that utilized in the hydrolysis 
of starch, and has found that except when the banana becomes over-ripe, 
the water formed in respiration does not equal that used in hydrolysis. 
He also points out the probable changes in osmotic pressure with conse- 
quent transfer of water from peel to pulp. 

The present communication deals with quantitative measurements of 
osmotic pressures of bananas and other parts of the bunch during ripening. 

Experimental 

In table I each value represents a composite sample of two fingers 
selected at random from the middle hands of three bunches of fruit (Gros 
Michel from Jamaica), which had been ripened at 68° P. and 90-95 per 
cent, relative humidity, in specially constructed ripening rooms. Peel and 
pulp were separated, ground in a mortar, and the cell sap expres.sed by 
centrifuging. The freezing point of the sap was determined according to 
regular cryoscopic technique. Corrections for undercooling were made 
from the formula 

A = A' -0.0125 U A 

where 

A = corrected freezing point. 

A‘ = observed freezing point. 

U = degrees of undercooling below the 
observed freezing point. 

From the corrected freezing point, the osmotic pressure, in atmospheres, 
was calculated from the formula :* 

P = 12.06 A -0.021 A 

iGore, H. C. Changes in composition of pool and pulp of ripening bananas. 
Jour. Agr. Bes. 3: 187-203. 1914. 

* Morrow, C. A. Biochemical laboratory methods, (p. 81). John Wiley and Sons. 
New York. 1927. 
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Fia. 1. Change of osmotic pressure of pulp and peel of baniinas during ripening. 

When two solutions of different osmotic pressures are separated by a 
semi-permeable membrane -water moves from the region of less concentra- 
tion of solute to that of the greater concentration of solute, with a ten- 
dency to produce equilibrium. 

The results in table I show that there are marked changes in the osmotic 
pressure of the pulp and peel of the banana during ripening. At 0 days 
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(i.6. at the time of discharge from the boat at Boston) the osmotic pres- 
sures of pulp and peel are approximately equal and therefore at equilib- 
rium, but as ripening progresses there is a marked increase of pressure in 
the pulp with a lesser increase in pressure of the peel. Differences in 
pressure between the peel and pulp naturally result in the migration of 
water from the former to the latter. These differences may be explained 
by the fact that while starch, the major constituent of the pulp of green 
bananas, does not affect the osmotic pressure to an appreciable extent, 
when this starch is hydrolyzed to sugar during the ripening process, the 
osmotic pressure then increases rapidly because of and in proportion to 
this production of sugar. The total sugars in the pulp amount to as much 
as 21 per cent, (unpublished data), while the sugar content of the peel is 
much lower with a maximum of about 4.4 per cent. 

During the ripening period the fruit showed a loss in weight of 2.44 
per cent. Furthermore the pulp increased from 68.5 per cent, of the total 
weight before ripening to 70.9 per cent, of the total weight after ripening, 
a gain of 2.4 per cent. Goiie (loc. cit.) cites corresponding gains of from 
2.24 to 3.90 per cent. 

TABLE I 

Osmotic pressure op pulp and peel op bananas during ripening 


T>Ays in ripen- 

Color op peel 

Osmotic pressure 

ING ROOM 

Pulp* 

Peel* 



I 

aim. 

II 

aim. 

I IT 

atm. aim. 

0 

Green 

6.19 

6.33 

6.57 6.63 

1 

Starting to turn yellow 

6.66 

6.69 

6.31 6.30 

4 

Very slight green 

21.04 

21.28 

8.46 8.34 

^ i 

Green tip 

23.70 


10.38 

6 

Full yellow 

24.60 


n . r^Q 

7 

Full yellow 

27.40 


11.56 

8 

Speckled 

27.87 


12.39 

10 

Speckled, fingers drop 

27.88 


14.68 


* Duplicate determinations were discontinued after the fourth day as tlie variation 
due to technique was shown to be negligible. (See figure 1 for graphical representation 
of above data.) 
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TABLE II 

Osmotic pressures op different parts of the banana fruit bunch during 

RIPENING 


Days in 

RIPENING j 
ROOM 

Color 

Osmotic pressure 

Pulp 

Peel 

Neck 

Crown 

Stalk 



atm. 

aim. 

atm. 

atm. 

atm^ 

0 

Green 

7.15 

6.19 

7.17 

7.82 

6.81 

3 

Very slight green 

16.91 

9.29 

7.41 

6.55 

6.10 

6 

Green tip 

25.48 

10.47 

6.80 

7.02 

5.36 

9 . 

Slightly speckled 

29.06 

i 12.42 

6.46 

7.00 

5.58 


Commereial shrinkage studies have shown that cut hands suffered 
slightly greater shrinkage than hands ripened on the stalk. Our assump- 
tion was that a transfer of water from the stalk to the hands took place. 
In table IT are presented our data from Gros Michel fruit (from Tela, 



Fig. 2. Banana node, indicating parts tested in table II, 
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Honduras) ripened at 68® F,, 90-95 per cent, relative humidity. Each 
value represents a composite sample from seven fingers, the necks of the 
corresponding hand (17 fingers), the corresponding crown, and a section 
of the stalk at the crown (fig. 2). The samples were crushed in a mortar, 
centrifuged, and filtered when necessary, to give a clear sap. 

The results show that as ripening progresses there is, in general, a 
gradual decrease in order of osmotic pressures from the pulp to the stalk, 
indicating a transfer of water from other parts of the bunch of fruit to 
the pulp. 

Summary and conclusions 

Osmotic pressure determinations of different parts of the bunch during 
ripening of bananas indicate that changes of pressure are such as to bring 
about a transfer of water from peel to pulp, as well as from the stalk 
through the crown and neck to the peel and pulp. — Prank C. Stratton 
and Harry von Loesecke, Research Laboratories, United Fruit Company, 
Boston, Mass, 

A QUANTITATIVE DEMONSTRATION OP OSMOTIC 
EQUILIBRIUM 

Demonstrations of the diffusion of solutes and solvents through differ- 
entiall.y permeable membranes are common in all branches of natural and 
biological science. Ordinarily the membrane used is so imperfect, however, 
that most of the value of the demonstration is lost and the students do not 
obtain a concept of osmotic pressure as a diffusion equilibrium dependent 
upon the relative activity of solute and solvent on* the two sides of the 
membrane. The following modification of the Pfeppbr technique for 
measuring osmotic pressure has been used in our laboratory for several 
years. It has the advantage of requiring no special equipment or technique 
t(' give quantitative osmotic pressures for sucrose solutions at concentra- 
tions between 0.01 and 0.10 molar, with an accuracy within two to four 
per cent, of the calculated values by the Findlay or other corrected 
equations. 

The apparatus is set up as shown in the figure with a reservoir manom- 
eter and a copper ferrocyanide membrane deposited within the walls of 
a Livingston cylindrical atmometer cell. The primary difficulties are the 
maintenance of an unbroken copper membrane on the inside of the porous 
cup, and adequate wiring or clamping of the rubber stoppers to withstand 
the pressures developed. 

The membrane is formed by drying a new, unshellacked atmometer 
cylinder at 100® C. An old cylinder may be used if the shellac is removed 
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and it is cleaned with ammonia and nitric acid and washed for, several 
hours in running water. -The dry tube is covered with 0.5 M copper 
sulphate solution and the air removed by repeated evacuation. The 
saturated tube is then quickly wiped inside and out with a clean cloth 
and filled within one-fourth inch of the top with 0.25 M potassium fer- 
rocj^anide solution which also contains the desired concentration of sucrose. 
The two solutes should be mixed and made up to volume together. The 
ferrocyanide solution should not come in contact with the outside of the 
cell, for a double membrane will be formed which may develop defects. A 



rubber stopper with a piece of capillary glass tubing to connect the cell to 
the manometer is inserted and carefully wired into the cell. A metal 
w'asher slightly smaller than the stopper will prevent the wires being 
forced into the rubber. Special screw clamps may be used for holding 
the stopper but they are more likely to break the cell than is the wire. If 
a soft iron or copper wire of medium size is used it may be cut into short 
lengths and five to ten of these laid fanshaped over the top and bent down 
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past the shoulder of the cell on both sides. The ends of these wires are 
then tied in under the shoulder, drawn tight, bent up and tied a second 
time. The cell and tube should be filled with solution, although small air 
bubbles will do no harm. 

A small quantity of mercury is placed in the bottom of the reservoir, 
the bottle filled with water and a two-holed stopper, containing the cell 
connection and manometer, wired in. The osmotic cell is then completely 
immersed in 0.5 M copper sulphate solution and, as soon as diffusion starts, 
mercury is added to the manometer tube until equilibrium is reached. A 
4 to 6 mm. manometer tube should be used so that mercury can be added 
from the top. This avoids dilution of the test solution through inward 
diffusion of water. 

Five-tenths molar copper sulphate is roughly isotonic with 0.25 M 
potassium ferrocyanide. but for accurate work a blank determination is 
made and subtracted from the readings for the test solutions. The presence 
of the salts insures a good membrane and the ferrocyanide also acts as a 
preservative for the suci’ose. 

The setting up of the apparatus requires some manipulative skill, but 
pressures of an atmosphere are demonstrated readily and pressures up to 
two and one-half atmospheres have been produced in our laboratory. 
Properly constructed membranes are so slowly permeable to sucrose as to 
hold 80 per cent, of the maximum pressure after three months. — W. E. 
Loomis, Department of Botany, Iowa State College, Ames, Iowa. 
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Pasadena Meeting. — The American Association for the Advancement 
of Science holds a summer meeting at the California Institute of Tech- 
nology, in Pasadena, June 15-20, 1931. The American Society of Plant 
Physiologists will participate in this meeting to a limited extent. A pro- 
gram is being arranged under the leadership of Dr. D. R. Hoaqland, of 
the University of California. The attention of our western members is 
directed to this opportunity for mutual encouragement, and for the dis- 
cussion of progress in research. These summer meetings may be some- 
what more local in character than the winter meetings, but they will pro- 
vide opportunities for less expensive attendance at the meetings for those 
who happen to reside within a short distance of the meeting places chosen. 
It is hoped that the western group of members will respond cordially to 
the efforts of the program committee for this summer gathering. 

Council Representatives. — President H. R. Kraybill has appointed 
Dr. C. A, Shull, of the University of Chicago, and Dr. George J. Peirce, 
of Stanford University, to represent the American Society of Plant Physi- 
ologists on the Council of the American Association for the Advancement 
of Science, during the coming year. 

Memorial Committee. — At the Cleveland meeting of the Society it was 
decided to appoint a committee to arrange for special features of our 
annual meetings, with special reference to the commemoration of anni- 
versaries of the great leaders in the field of plant physiology during past 
epochs. The Cleveland meeting was dedicated to Jan Inoen-Housz, wlio 
was born December 8, 1730. It would have been very appropriate to have 
liad a more elaborate program in memory of the 200th anniversary of his 
birtli. It was felt that future events of this kind might be commemorated 
by special meetings devoted to the different phases of influence which these 
men have exerted upon the development of plant physiology in their own 
time and ours. It was also decided that the meeting of 1932 should be 
made commemorative of the life of Julius von Sachs, the 100th anniver- 
sary of whose birth occurs in that year. 

The Memorial Committee provided for has now been appointed by the 
President of the Society as follows: Dr. C. F. Hottes, University of Illi- 
nois, chairman; Dr. C. 0. AppiiEMAN, Ihiiversity of Maryland; and Dr. 
Frank M. Andrews, Indiana University. 

Program Committee.— President Kraybill has also appointed the Pro- 
gram (V)mniittee for the New Orleans Meeting in December, 1931. The 
members chosen for this service are Dr. E. S. Reynolds, the Missouri 
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Botanic Garden and Washington University, chairman ; Dr. D. B. Ander- 
son, North Carolina State College; Dr. L. J. Pessin, Southern Forest 
Experiment Station ; and Dr. C. B. Lipman, University of California. The 
Secretary, Dr. W. A. Gardner, Alabama Polytechnic Institute, is also 
ex officio a member of the j^rogram committee. 

Membership Committee. — The Membership Committee appointed to 
serve during the ensuing year will appreciate the cooperation of all mem- 
bers in their efforts to reach all of those who need the literature of plant 
physiology in their work. Dr. R. E. Girton, of Purdue University, is 
chairman of the committee, and serving with him are Dr. J. P. Bennett, 
University of California, and Dr. Lee Hutchins, of the Bureau of Plant 
Industry, U. S. D. A., Washington. D. C. All applications for membership 
receive prompt attention from the Executive Committee. 

Purdue University Section. — ^During the last year the Purdue Section 
of the American Society of Plant Physiologists has had ite best year so far, 
a membership of 38, and an average attendance of 29. The meetings occur 
at 4:00 P. M. in Stanley Coulter Hall. The 1930-1931 program will be 
interesting to all of our members. It shows what an active grou]) can do 
with the privileges of sectional organization. The entire program con- 
sisted of 13 meetings, with the following addresses : 

October 14, (Dinner meeting) The F^ifth International Botanical Congress, 
by Dr. J, C. Arthur 

October 20, Effect of mineral nutrition on development of rusts and mil- 
dews, by K, D. Doak 

November 3, The equipment and arrangement of the plant physiology 
laboratory for teaching and re.search, by R. E. Girton 
November 17, Some interesting phases of insect metabolism, by W. A. 
Hiestand 

December 1, Country life in Scotland, Prof. Aitkenhead 
December 15, Laboratory versus field germination tests in soybeans, by 
G. H. Cutler 

January 5, 1931, Reports on the Cleveland meetings of the A. A. A. S., a 
joint evening meeting with the Biological Society 
January 19, Light and some of its effects upon plants, by G. E. Read 
February 2, Factors affecting hardiness in peach buds, F. P. Cullinan 
February 16, A physiological consideration of the ontogeny of leaf, root 
and stem, by E. J. Kohl 

March 2, Bacterial decomposition of cellulose at high temperatures, by 
P. A. Tetrault 

March 16, Protein synthesis in plants, by H. R, Kraybill 

April 6, (Dinner meeting). Dr. E. N. Transeau, Ohio State Univer.sity 
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Such meetings must prove to be helpful and stimulating in the develop- 
ment of a high grade research atmosphere in an institution. The example 
is worthy of emulation by others. At the meeting on March 2, oflScers for 
1931-1932 were elected. Chairman, Dr. Lauren]z Greene; Secretary, Dr. 
E. J. Kohl. 

Agricultural Books. — BailliSre, Tindall and Cox, 7 and 8 Henrietta 
St., Covent Garden, London, W. C. 2, offer their services to any of our 
members who may have need of Agricultural Books, either old or new. 
They will send their catalog to any one who may be interested in acquir- 
ing works of this type, and will give courteous and prompt attention to all 
orders which may be sent to them. 

Portraits. — We arc fortunate to be able to present in this number a 
portrait of Dr. F. F, Blackman, of the Botany School, Cambridge, from 
a crayon of unusual merit by one of Dr. Blackman students, Miss DE 
Biden Footner, in July, 1924. All portraits are obtainable from the 
editor at Chicago at 12 cents each, or in complete sets of 13 for $1.45 in 
postage. The number printed is limited, as the demand has not been large. 
Laboratories should avail themselves of the opportunity to obtain these 
prints before any of them become exhausted. 

Collected Works of Emile Godlewski. — Tlie Academic Polonaise des 
Sciences et des Lettres has published Vol. I of the collected works of Emile 
GoDiiEWSKi, pere, the beginning of a three volume edition of his complete 
works. Tliis publication was undertaken to celebrate Godlewski's 80th 
birthday. The value of Godlewski^s work to the fields of agronomy, agri- 
culture, and plant physiology makes this collection of his contributions 
unusually worth while. The first volume contains 599 pages, and covers 
the period from 1870-1890. The second volume will contain the papers 
appearing from 1891 to 1910; and the last volume, the recent work, since 
1910, particularly his popularizations of agricultural science. The papers 
are printed in the original language, but where printed only in Polish, 
summaries in other languages, or translations, will be provided. The 
first volume has a fine portrait of Godlewski, and a facsimile reproduction 
of a page from one of his manuscripts, a plant physiology which has not 
yet been published. There is also an autobiography in volume I, and the 
last volume wull have a bibliographical index of his complete works. These 
three volumes will be a splendid monument to Godlewski 's industry and 
achievement in research. Inquiries for the work should be addressed to 
the Academic Polonaise des Sciences et des Lettres, 17 Rue Slawkowska, 
Cracovie, Poland, 
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Handbook of Plant Nutrition. — A voluminous work in two volumes in 
this field is announced by Julius Springer, Linksstrasse 23-24, Berlin W9. 
Its title is Handbuch der Pflanzenernahrung und Diingerlehre, and volume 
II, Dungemittel und Diingung has come out ahead of volume I, Pflanzen- 
ernahrung, which will appear later in the spring of 1931. The editor of 
the work is Dr. P. Honcamp, Director of the Experiment Station at 
Bostock, who has had the assistance of 50 cooperators in producing the 
work. The material of volume II is presented in nine chapters, the first 
of which outlines the historical background, and the general influence of 
fertilizers on soils and plants. The next three chapters deal with the 
natural and artificial fertilizers, and their application. Chapter five gives 
an account of fertilizer practice with specific crop plants, some 25 different 
agricultural species being considered in detail. The later chapters discuss 
forestry fertilizer problems, fertilization of moor and heath soils, ponds, 
and the use of fertilizer materials in control of disease, animal pests, and 
weeds. With the index, it is a volume of 919 pages. The price of volume 
II in paper cover is 86 EM. and with cloth binding 89.8 RM. It seems to 
be a valuable addition to the literature of nutrition of agricultural plants. 

Principles of Agrobiology. — This little book, by Oswin W. Wilcox, 
claims to be the only work which ‘ ‘ gives an orderly and adequate statement 
of the axiomatic fundamentals of crop growth.” It is also claimed that 
agriculture can now be, in the hands of the ablest practitioners, an exact 
art. The booklet contains less than a hundred pages. Part I presents a 
discussion of the primary laws of agrobiology, upon which agriculture as 
an exact art, is predicated. These are : Law of the constancy of type, law 
of definite growth powers, law of the universality of essential growth 
factors, law of the constancy of action of growth factors, law of the joint 
action of growth factors, law of definite optima, law of diminishing in- 
crements of yield, law of increasing increments of yield, the concentration 
law of growth factors, and the logistic law of crop growth. Part II con- 
siders the general law of growth factors and its derivatives; and part III, 
fertilizer statics. There is a brief mathematical appendix. 

The author has cops^ighted his ideas, which will milftate against any 
general use of them. The book is published by the Palmer Publishing 
Corporation, New York. The price is $4.00 per copy. 
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ABSORPTION OF MINERAL ELEMENTS BY PLANTS IN 
RELATION TO SOIL PROBLEMS* 

D. B. Hoaoland 

The discusKioii which I wish to present falls in the general field of re- 
search which can be designated by the phrase '‘Soil Conditions and Plant 
Growth/’ to quote the title of a w^ell know^n monograph by E. J. Russell. 
An attempt will be made on this occasion to give some consideration to both 
soils and plants, with particular reference to researches of the past fifteen 
years. 1 am aware that some of our most important knowledge of soils has 
come from those who have dealt with the soilyas a chemical and physical 
system without much reference to plants, and that much of what we know 
concerning plant physiology has come from investigators not greatly inter- 
ested in soil conditions. Nevertheless, there does remain an indispensable 
place for investigations in which specifically planned efforts are mad^e to 
relate soil conditions to plant growth, the ultimate purpose of all the re- 
searches from an agricultural point of view'. In California the desirability 
of conducting such researches w^as stressed early by C. B. Lipman, and vari- 
ous circumstances, partly accidental, have made it possible to give long con- 
tinued attention to this type of investigation. With your permission 
I shall refer frequently to experiments w'ith w^hich I have had some per- 
sonal familiarity including, of course, the work of various colleagues and 
associates. I assume that you are not now desirous of a review of litera- 
ture or an extensive citation of the names of the many investigators over 
the world w'lio have contributed to our understanding of soil and plant 
relations. 

If we are to review the subject of the absorption of mineral elements by^ 
highex^ plants, it is well first to inquire which chemical elements must be 
absorbed in order to insure the continued grow^th of such plants. The 
pioneer researches of Maz^ very definitely suggested that the older list of 

1 Stephen Hales address, Cleveland, 1930. 
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essential elements was incomplete. Unfortunately these researches did not 
have much effect in stiipulating other investigators until within a very re- 
cent period. The interest in this question is now aroused and in various 
laboratories in this country and in Europe very painstaking experiments 
have been in progress for some time. Eventually there may be many ele- 
ments to add to the older list of ten. Several can be added now with much 
assurance, not necessarily for all plants, but for many types of agricultural 
plants at least. The importance, and in fact necessity, of considering a 
new and extended list of essential elements is convincingly illustrated by 
certain experiments on tomato plants, in connection with the utilization of 
boron. A few milligrams of this element make the difference between a 
* healthy and a diseased plant. To prove this it may not be necessary even 
to purify the salts used in preparing the culture solutions. The amount of 
boron required, although very small, is still appreciable and the amount 
present as an impurity in a culture solution prepared in the routine way 
may be entirely inadequate for some plants. Of great interest, likewise, is 
the general distribution of copper in plants and the influence of this ele- 
ment in correcting certain diseases of fruit trees and other plants. While 
such observations cannot prove that copper is an essential element, they do 
offer an incentive toward additional research. We cannot go farther in 
our present discussion of such elements for almost nothing is known about 
their absorption from soil solutions or from artificial culture solutions. It 
would be difficult indeed to make some of the requisite experiments, but the 
task must be undertaken sooner or later, if the undervStanding of soil and 
plant relations is ever to become reasonably adequate. 

The next phase of our discussion in logical order is concerned with the 
general nature of the processes by which plants absorb essential or non- 
essential chemical elements from culture media. A clear approach to this 
question is frequently impeded by the indiscriminate use of certain com- 
mon terms such as permeability, osmosis, diffusion, antagonism, Donnan 
equilibrium, etc. At the risk of repetition of previous discussion I intend 
to review very briefly certain of the conditions of plant growth which de- 
mand consideration in any survey of the process of absorption of mineral 
elements by plant cells. As you know, during recent years several inves- 
tigators have given much attention to the behavior of certain types of algal 
cells which attain relatively enormous size, and which may be manipulated 
as separate units. With cells of this type it is possible to avoid many ofs, 
the difficulties and ambiguities inherent in the examination of the micro- 
scopic cells and complicated tissues of higher plants. The investigations 
on the cells of the marine form, Valonia, yielded data of great significance 
with respect to the relations existing between a marine organism and its 
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solution environment. Our own special interest has been directed to ex- 
perimentation on a fresh water alga, Nitella cMvata. These plants live and 
grow in a medium which may be reasonably compared in a general way 
with many soil solutions. Also it is feasible to subject these cells to the 
influence of artificial culture solutions and to make experiments on the in- 
take of solutes under controlled conditions. For present purposes such a 
cell may be regarded as essentially constituted of a cell wall, an exceed- 
ingly" thin layer of protoplasm, and a large vacuole filled with sap primarily 
inorganic in nature. It is found that this sap has a total electrolyte con- 
centration approximately twenty-five times greater than that of the water 
which bathes the cells, and furthermore, each of the principal ions (both 
anions and cations) is present in the sap in a concentration many-fold that 
of the culture medium. Evidently, during the growth of the cell there 
occurs an accumulation of such elements as potassium and chlorine against 
concentration gradients. For certain elements the same statement can be 
made for Valonia, and very recently a member of the Characeae living in 
brackish water has been studied in Finland, and similar conclusions 
reached. 

Experiments on Nitella cells showed that the process of concentrating 
electrolytes in the cell sap could be conveniently studied by the use 
of bromide solutions, since bromine was not naturally present in the cell 
sap in determinable amount, and was non-toxic in the concentrations used. 
To make a long story short, it was found that bromine could be accumu- 
lated in the sap against concentration gradients, but only provided 
the right metabolic conditions were maintained. Important among these 
conditions was illumination. Any large accumulation of bromine was de- 
pendent on the influence of light of suitable intensity and duration, al- 
though under certain circumstances an after effect of illumination could be 
demonstrated. The temperature coefficient of the process was a high one, 
and little or no concentrating action was observed at temperatures 
approacliing 5° C. The time factor was important and to obtain marked 
accumulation required a period of several days. Experiments of very 
short duration would be inadequate to reach an understanding of the proc- 
esses involved. 

Later F. C. Steward investigated the accumulation of bromine and 
potassium by potato tissues. In this case, of course, stored carbohydrates 
were available and photosynthesis was not directly involved. The potato 
tissues also were found to possess the potentiality for concentrating in the 
sap the elements mentioned above. However, it was discovered that the 
concentrating process could not proceed unless the tissues were in a healthy 
state and suitably aerated. When a mixture of oxygen and nitrogen with 
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a very low proportion of oxygen was employed the concentration of bro- 
mine in the expressed sap exceeded the concentration in the outside solu- 
tion very little, if at all. When the proportion of oxygen was increased to 
the proper point, and a suitably rapid flow of gas maintained, then bromine 
(and also potassium) was concentrated in the tissues in a most definite way. 
Other investigations now in progress on excised root systems of bar- 
ley plants yield evidence of the same trend. It can be shown, in addition, 
that the metabolic condition prevailing in the plant previous to excision 
of the roots determines in part the degree to which accumulation of min- 
eral elements can take place subsequent to excision. In other words, the 
absorbing power of the root system cannot be evaluated without a knowl- 
edge of the particular metabolic state in which it has been placed. 

I have sketched in barest outline a few of the considerations which lead 
me to emphasize the point of view that the removal of electrolytes from a 
culture medium and their storage in the plant cell is a process in which the 
metabolic activities of the cell are inevitably concerned. Energy exchanges 
must be involved, the ultimate source of the energy being sunlight. Now 
this is by no means the view always taken by soil chemists and plant physi- 
ologists. Sometimes there seems to exist a fear that the adoption of such 
a point of view will lead to an undesirable “vitalistic^^ theory. In other 
instances, efforts are made to bring the explanation of the absorption of 
mineral elements by plant cells into line with the properties of some type 
of artificial cell. Some investigators emphasize the Donnan equilibrium, 
so important in certain systems, but it is difficult to understand how this 
concept can possibly fit the observations which have just been cited. It is 
essential to keep in mind that even the simplest plant cell is an extraordi- 
narily complex system in which energy exchanges are continuously occur- 
ring, and that these cell activities have an intimate relation to the absorp- 
tion of mineral elements, as well as to other cell processes. 

The mechanism involved in accumulation is not now understood, although 
several ingenious theories have been proposed which take into account 
many, but probably not all the facts. Whatever the mechanism of the cell 
may be, I think we can agree that what may be called the collodion bag 
concept of an absorbing plant cell is hopelessly inadequate. In making 
this statement, I trust it will not be thought that I am lacking in apprecia- 
tion of the work of several very able investigators, who are elucidating the 
properties of simple membranes. 

Perhaps these remarks will serve to make it clear that the accumulation 
of electrolytes by plant cells is not a question of simple permeability. It 
is possible to construct an artificial cell which is very permeable to potas- 
sium, but which cannot accumulate that element. The term ‘‘permeabil- 
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ity” has come to mean too much. Also, it is obviously not correct to state 
that a solute enters a plant cell until a state of diffusion equilibrium is 
reached. In living cells dynamic equilibria are involved. Still less can it 
be said that the entry of solutes is a process of osmosis. A more general 
aspect of the whole question can well be summarized by a quotation from a 
lecture on ‘‘Physical Chemistry in the Service of Biology’’ given last year 
by F. G. Donnan. “Life, however, is not merely an affair of equilibrium 
and micro-structure, of oriented molecules and ions and delicately balanced 
micelles. Within and around this framework there exists a continual flux 
of physical and chemical action. The protoplasmic system operates by 
utilizing the free energy of its environment. It is a free energy converter, 
utilizing the free energy of oxygen plus convertible organic substances, of 
complex organic substances alone, and of sunlight. It is a physico- 
chemical machine, a dynamical or kinetic system. It is a truism of biology 
to say that the living organism cannot be considered apart from its envi- 
ronment. But this environment must possess some quality of non-equi- 
librium. It is the unbalanced environment which is the source of life and 
action, whilst the living organism is but the energy transformer, though 
one of peculiar and still mysterious character.” 

The view that the metabolic activities of the cell are of paramount im- 
portance in determining the accumulation of mineral elements by plant 
cells is not simpl}" a scientific generalization. It has much practical sig- 
nificance to the investigator of soil problems. It means that special em- 
phasis must be given to those soil and climatic conditions which favor root 
growth and activities. Soil aeration becomes of great concern, as does also 
the environment around the top of the plant, which may modify the sup- 
ply of metabolites to the root system. The power of the ^pil to supply 
mineral elements to root cells will influence the synthesis of organic sub- 
stances, which in turn will influence the continuing ability of the root cells 
to absorb mineral elements. Thus, especially with long-lived plants, either 
a normal or a vicious cycle may be established. 

Let us assume now that we have the proper metabolic conditions for the 
accumulation of mineral elements by the plant cell. We are still faced by 
the great problem of the relation of the composition of the culture solution 
to the actually occurring accumulation. What are the effects of concen- 
tration and of ionic relations? Perhaps the first thought will be that we 
have at hand a great fund of information upon which to draw, in the enor- 
mously extensive literature on antagonism and permeability. This field of 
study has long been a major interest of plant and animal physiologists, and 
a few basic principles are agreed on. But closer examination discloses that 
the work on antagonism has nearly always dealt with very different prob- 
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lems and conditions than those in which we are now interested. You will 
recall that our objective is the understanding of plant growth under soil 
conditions, with special reference to crop plants. We are concerned with 
the gradual absorption and accumulation of certain chemical elements dur- 
ing the growth cycle of the plant. Experiments on antagonism and per- 
meability are generally conducted with solutions of much greater concen- 
tration than those we are primarily discussing, and the time periods 
employed are often very short. Frequently the purpose is to utilize a de- 
cidedly toxic solution and then to determine how such toxity may be over- 
come by suitable balancing of elements. Many investigators have employed 
the technique of plasmolysis which is obviously unsuited to the study of 
the relatively slow normal processes of absorption. Furthermore, in the 
majority of cases the antagonism demonstrated is concerned simply with 
cations. On the whole, it would seem that we must expect only very lim- 
ited assistance from the investigations on antagonism in connection with 
the special problems now before us. 

We do, however, have to take careful thought of the influence of one 
ion on the accumulation of another, whether or not the term ‘‘antag- 
onism’’ is used. There is definite and extensive experimental evidence for 
the statement that importance attaches to each general type of ionic rela- 
tion; namely, anion-anion, cation-cation, and cation-anion. It will be 
worth while to cite some specific illustrations. Referring again to the ex- 
periments on Nitella cells, we find that the interrelations of anions are note- 
worthy. Bromine ions and chlorine ions have reciprocal relations to each 
other and may undergo extensive interchange between the cell and the 
medium. One may retard the accumulation of the other. It is also pos- 
sible to provide illustrations of direct agricultural significance. Under 
appropriate conditions of solution culture technique, in experiments with 
such plants as wheat or barley, it may be shown that there exists a recipro- 
cal relation between nitrate and phosphate. By decreasing the concentra- 
tion of phosphate in the culture medium at certain stages of growth, the 
plant may be caused to accumulate more nitrogen. Conversely, by decreas- 
ing the concentration of nitrate, plants sometimes may be caused to accu- 
mulate a very high content of phosphate. Interrelations between cations 
and anions are less easily demonstrated with complex solutions, but with 
simpler solutions it is feasible to obtain clear indications that the entry of 
cations may be facilitated by the presence of rapidly absorbable anions, 
such as nitrate. All these relations have interest to soil investigators, but 
such relations will of course not necessarily find expression' under all soil 
or solution culture conditions. If marked deficiencies of several elements 
exist, other and more complicated situations arise. 
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The interrelations of cations are emphasized in the results of many 
types of plant experiments, including not only those in which artificial cul- 
ture methods are employed, but also practical field experiments. If I may 
refer to our own investigations, merely for purposes of illustration, the in- 
terrelation between calcium, magnesium and potassium has been evidenced 
in a most consistent manner in many types of plant experiments we have 
had occasion to carry on during the past several years. As the potassium 
content of the culture medium is increased there is a very general and con- 
sistent tendency for the amounts of calcium and magnesium accumulated 
by plants to be decreased. Occasionally, under solution culture conditions, 
there is practically an equivalent substitution of bases. I should like to 
emphasize that these interrelations between bases are effective in very 
dilute solutions. A difference of a part or two of potassium in a million 
parts of solution may be of great consequence. The literature affords 
numerous indications that the interrelations of bases are also effective 
under many soil conditions, although the interpretation placed on results 
is not always the same as the one now advanced. German, English and 
French investigations could be cited, as well as investigations reported in 
this country. 

It is well now to remark that caution is one of the safest attributes of 
the investigator of soil and plant relations. If I should make any broad 
generalization from experiments such as those which have just been cited, 
immediately I should be confronted with evidence obtained under other 
experimental conditions, and especially under diverse soil conditions, which 
could not be explained by anything contained in the preceding discussion. 
Under such circumstances all we can do is to take refuge in that word so 
precious to the biologist, “ factors. The factors involved in plant growth 
under soil conditions are so entangled! together, cause and effect so inter- 
woven, that prediction is perilous. Not only the soil and the plant, but 
also the climate, must contribute factors to the extraordinarily involved 
equation, the solution of which would be necessary in order to obtain an 
adequate and precise explanation of the behavior of a given plant on a 
given soil at a given time. This does not mean that there should be a ces- 
sation of effort directed toward the elucidation of general principles, but it 
does mean that in any instance the operation of one set of processes may 
be masked by the operation of another set of processes. 

If we could assume some principle of simple limiting factors our path 
would be smoother, but often such an assumption is not permissible. Con- 
sider, for example, the interrelation of light and potassium. Fertilization 
with this element may be much more effective in some seasons than 
in others. One writer in England has suggested that potash fertilization 
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may bs the best insurance against a sunless summer. You will appreciate 
that we do not have sunless summers in California, but the general ques- 
tion has had some interest there, and opportunity has been afforded to ob- 
serve the growth of plants under different conditions of light and of potas- 
sium supply. We may easily arrange an environment such that a large 
increase in plant growth may be obtained by doing either one of two things, 
increasing the light, or increasing concentration of potassium in the culture 
solution. This has been shown in greenhouse experiments, and recently a 
colleague has demonstrated the existence of these interrelations in the course 
of an investigation on the growth of plants under controlled conditions, 
with the use of artificial light. In one sense two limiting factors may oper- 
ate at one and the same time, or perhaps more accurately, the efficiency of 
one factor is modified by the intensity of another factor. It will be immedi- 
atelj^ apparent to you how the problems of plant nutrition are complicated 
by considerations of this sort. 

If you are willing to grant that various interrelations of ions do and 
necessarily must influence their absorption by plants, we cannot avoid the 
query whether there are certain special ratios between the various ions, best 
suited to the growth of a particular kind of plant. The attempts to dis- 
cover ‘^best solutions^’ have had value in stimulating research during the 
past fifteen years in the field of plant nutrition, even though the original 
objectives have suffered much alteration as the years have passed. Vitally 
important to such researches is the appraisal of plant variability and the 
statistical significance of any particular yield of plant material. 

Probably we are now in a position to say with a good deal of assurance 
that there is no “best^^ solution for the growth of a particular plant, in so 
far as yield or the usual criteria of quality are concerned, and within the 
limits of error of any practical interest. Instead there are in general many 
solutions equally effective for plant production, varying to a greater or 
lesser extent in composition depending on the kind of plant, and on the 
climatic conditions. This is not at all the same as saying that different 
solutions will ever produce identical plants with reference to all details of 
organic and inorganic composition, or of metabolism, for this would prob- 
ably not occur. I am referring to yield as indicated by weight and by the 
commonly observed general characteristics of the plant. There may be a 
‘‘luxury^' consumption of certain elements from many types of solutions, 
but this is a different matter. 

These statements are of interest to soil investigators as well as to plant 
physiologists. With our present knowledge of soil solutions, it would be 
impossible to account for actually observed conditions in the field, if plants 
did not possess great powers of adaptation to solution conditions. Illustra- 
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tions of this fact have arisen in recent experiments with a group of Cali- 
fornia soils. In the course of these studies — over a three year period — 
tomato plants and barley plants have been grown in soils deficient in avails 
able potassium, fertilized in various ways. Within the limits of rather 
small experimental error for such experiments it was possible to obtain 
plants of the same appearance, rate of growth, and final weight, under the 
influence of soil solutions of highly divergent comppsition in respect to their 
content of potassium, calcium, magnesium, and other elements. On the 
other hand, the same group of experiments furnishes equally strong evi- 
dence that when concentrations of potassium in the soil solution are main- 
tained sufficiently low an unbalanced condition in the plant ensues, accom- 
panied by inhibition of growth or the appearance of disease. The range of 
adaptation is often a broad one but not indefinitely so. 

Experiments of this character show that the ratios between certain min- 
eral elements present in the plant, for example, calcium, magnesium and 
potassium, are profoundly modified when a marked disturbance of nutri- 
tion is manifest. Yet it would be difficult to prove that these modifications 
are the primary cause of the metabolic disturbance. Perhaps in the case 
mentioned we should emphasize rather the balance between pota8.sium and 
certain organic constituents. If we ask why such a balance should be im- 
portant. we find no answer to the question, since the mechanism by which 
potassium operates is still essentially unknown. 

It is a natural step now to direct the discussion more definitely to the 
relations pertaining to concentration. The problems involved are difficult 
and elusive. The question to be answered is : Wliat magnitudes of concen- 
tration of an element are adequate to maintain a suitable rate of delivery 
to the plant, if a given concentration of the element is maintained fairly 
constant in the culture solution surrounding the plant roots? For reasons 
which liave already been given, no general answer could be expected to 
such a very broad question, but perhaps we can make some useful observa- 
tions. First of all, it is essential to note that the work of several investi- 
gators is in general agreement on the point that extremely dilute solutions, 
at least of potassium and phosphate, may produce highly satisfactory 
growth of common agricultural plants. But it is obvious that critical zones 
of concentration exist. It needs no argument to show that concentrations 
may become so low that a plant may be unable to absorb in a unit of time 
an adequate supply of an essential element. It is also scarcely necessary 
to remind you that climatic conditions wall alter th6 rate of supply 
required. Of great importance, likewise, is the kind of plant and the stage 
of its growth. The influence of one ion on the absorption of another has 
already been mentioned. 
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There is much investigation yet to be done on the relation of concentra- 
tion to absorption and to plant growth. The objective should be the study 
of what has been called ^‘supplying power,’’ at different levels. Unfortu- 
nately the technique of such studies is laborious and expensive. Flowing 
culture solutions may be needed, or else some other procedure almost 
equally troublesome. The type of plant, the stage of growth, and the cli- 
matic environment all complicate the study of this question. 

Any discussion of the absorption of mineral elements by plants must 
include some statement with reference to the relation between the intake 
of water and the intake of mineral elements. This is an old question, upon 
which different views have been expressed from time to time. A very sim- 
ple experiment may be cited to illustrate one important phase of the rela- 
tionship just mentioned. Young barley plants were transferred to a care- 
fully measured volume of culture solution of known composition. The 
arrangements were such that water could escape only through the plants. 
After a period of about two days the residual culture solution was analyzed. 
It was found that the plants had effectively diluted the solution with re- 
spect to phosphate, potassium and nitrate, while sulphate was increased in 
concentration. In this particular experiment calcium happened to remain 
at almost its original concentration. Thus it is possible for ions to be ab- 
sorbed more rapidly or less rapidly than water, or at the same rate. Some- 
times attempts are made to compute the concentration of a soil solution 
from a knowledge of the total water transpired and of the amount of an 
element taken into the plant. It is clear that such computations are not 
well founded, since plants can bring about the dilution or concentration of 
a culture solution under some circumstances. Obviously all the conditions 
of metabolism within the plant, and the conditions of the environment sur- 
rounding the plant, will determine in any given instance the particular re- 
lation between absorption of water and that of any given ion. 

Simple absorption experiments also throw light on other aspects of the 
selective action of plants. Some elements essential to the plant may be 
absorbed with great rapidity, but other elements not essential, except pos- 
sibly in minute quantities, may likewise be removed from solution with 
great ease by plants. The predominance of potassium over calcium 
absorption is easily demonstrated with some types of plants, but with other 
types calcium may be absorbed as readily as potassium. Comparative 
rates of anion absorption vary with different plants and with different 
environments. All facts considered, there is no straightforward way of 
applying the physical chemical properties of ions in any entirely general 
or consistent manner. We do not know how to evaluate these properties 
in their relation to different protoplasmic systems, and to the varying 
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activities of such systems, although we may surmise the existence of logical 
relationships. 

In these days it would be very unorthodox to discuss soil and plant 
relations without referring to hydrogen ion concentration, but within a 
space of fifteen years the literature has grown so vast in its extent that one 
hesitates to mention the question at all. Only one or two observations 
particularly pertinent to our present purpose will be ventured. I recall 
some early experiments with barley seedlings in California. With con- 
siderable surprise it was noted that the plants made better development in 
a definitely acid solution than in a slightly alkaline one. The impression 
gained from the literature of that time was to the effect that most agricul- 
tural plants found their most favorable environment in a slightly alkaline 
medium and were injured by acidity. It was a great gain to utilize phys- 
ical chemical concepts in making measurements of the actual concentration 
or activity of hydrogen ions present in a culture solution. Yet I am unable 
to share the enthusiasm of those investigators who, by inference at least, 
assume the hydrogen ion concentration of the medium to be the almost 
exclusive determinant of plant distribution or adaptation. Save in the 
most extreme cases, it seems that hydrogen ion concentration should always 
be evaluated in relation to the concentration of other ions. For example, 
in recent years many investigators have called attention to the great impor- 
tance of calcium ion concentration in this connection. 

Concerning the relation of hydrogen ion concentration to absorption of 
other ions, we seldom have available experiments of an unambiguous nature. 
We cannot work over any large range of hydrogen ion concentrations and 
maintain all other properties of the solution the same, such as iron, phos- 
phate and bicarbonate concentrations. There are some definite suggestions 
of the influence of hydrogen ion concentration on absorption of other ions, 
but they are not so clear cut and consistent as to warrant further discus- 
sion at this time. 

Let us now speak a little more specifically of soil conditions. In 1911 
Cameron published a volume with the title ‘‘The Soil Solution.^’ Certain 
very radical ideas, which had occasioned extensive controversy, were sum- 
marized in this volume. It is now well agreed that some of the conceptions 
of soil equilibria advanced were erroneous, and led to incorrect deductions. 
There is no longer any reason to doubt that the soil solutions of different 
soils may be of very different composition, or that the soil solution of any 
one soil may vary in composition as a result of seasonal changes, crop 
growth, or the application of fertilizers. Nevertheless, the controversy 
aroused probably had a beneficial result to soil science. A dynamic point 
of view of the soil was stressed, and many investigators were induced to 
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think of the soil as something very different from a storehouse of nutrient 
elements, needing to be inventoried, or as a more or less inert medium to 
which plant foods were to be added. A long period of intensive research 
on soil solutions has followed, in which various laboratories have partici- 
pated, especially during recent years. I wish to touch on several of the 
leading features of these researches in their relation to what we have 
already been discussing. 

Most of the early work dealing with soil solutions was conducted with 
the use of water extracts of one type or another. It was appreciated that 
such extracts could reflect only imperfectly the ^‘soil solution,^’ that is, the 
solution in the soil as it existed at some moisture content suitable for plant 
growth. Some studies were made in which soil solutions were separated 
from the soil by very high pressure, but these were limited in extent. A 
number of years ago a method was developed in Wisconsin, and later in 
California, by means of which the soil solution was displaced from moist 
soils by a supernatant column of water or of alcohol. Subsequently much 
intensive effort has been devoted to this method of obtaining soil solutions. 
It has been shown that according to certain chemical criteria solutions dis- 
placed from soils in this way may often be considered to be practically 
identical with the solution phase of the soil, as it exists at the moisture con- 
tent at which the displacement was made. The arguments advanced need 
not be discussed on this occasion. 

If a solution can be displaced from a soil with the characteristics just 
noted, have we then available an effective means of determining the com- 
position of the plant ^s culture medium in the soil? This question has been 
presented in a very definite way in connection with researches of recent 
years on the phosphate nutrition of plants. It was suggested first by ex- 
periments made in Alabama that certain soils give displaced solutions with 
contents of phosphate entirely inadequate to account for the actual crop 
growth known to occur in these soils. The situation can be illustrated 
readily by an account of some later California experiments. Occasion 
arose to investigate a particular soil in which the phosphate present was 
extremely unavailable to many plants. The addition of suitable amounts 
of soluble phosphate enormously improved the physiological state of this 
soil, so that good growth of crops could be obtained. Yet solutions dis- 
placed from the fertilized soil did not give significantly higher concentra- 
tions of phosphate than those from the unfertilized soil. In all cases the 
values were extremely low. It was difficult to escape the conviction that 
the plant growth actually occurring in the fertilized soil could not have 
taken place if the displaced solution represented the real culture medium 
of the plant with respect to phosphate. 
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Are we to assume, therefore, that phosphate is not in fact absorbed from 
the soil solution, but rather that it is assimilated in some direct way from 
colloidal matter of the soil? This idea has been suggested, but it is not an 
inescapable deduction from the known facts. Certain essential considera- 
tions have not always received due emphasis, perhaps because of their very 
obviousness. Soils are heterogeneous and plants can deal with such sys- 
tems in a heterogeneous manner, effecting a sort of physiological integra- 
tion of many localized soil solutions. Laboratory procedures, on the con- 
trary, deal with a mass of soil through methods which yield only composite 
solutions. Furthermore, in the laboratory, reactions such as those of fixa- 
tion, may be facilitated by the very operations which’ the chemist 
must make, and which may have no counterpart in the soil as the plant 
growls in it, at least not in respect to rate. We must conclude then that 
the soil solution, no matter how prepared, cannot be assumed to be neces- 
sarily identical with the physiologically effective soil solution. If it is so 
assumed, then in certain circumstances an entirely erroneous idea may be 
gained of the solutions existing at the closely contacting surfaces of root 
membranes and soil particles. But it does not follow that a general soil 
solution theory of absorption is erroneous, merely because our methods of 
study are imperfect. 

If no more were said on this point a wrong impression would be left. 
It has seemed necessary to draw your attention to some of the difficulties 
which may be met with in soil solution studies. As a matter of fact, diffi- 
culties of the same degree as those applying to phosphate have not as yet 
arisen in the study of concentrations of nitrate, calcium, magnesium, sul- 
phate, nor even of potassium. With these ions the reflections of the physi- 
ologically effective solutions, although far from perfect, have been very ser- 
viceable. In general the magnitudes of concentration in the displaced soil 
solution have not been found to be radically different from those which 
are adequate for plant growth in a flowing culture solution. Even for 
phosphate this statement is true of many western soils. Notwithstanding 
the inherent difficulty of interpreting soil solution data, and the inconsis- 
tencies often arising, this method of investigating soils still remains one of 
the most important of tools, which can be employed with profit for a long 
time yet to come. 

As soil solution researches have been continued, it has become more and 
more apparent that soil solutions should be studied in conjunction with the 
solid phase of the soil, for the nature of the solid components determines 
the power of the soil to keep the soil solution renewed as withdrawals by 
plant roots proceed. I shall mention one or two examples. The phenome- 
non of base exchange is now in the forefront of the discussions of soil ehem- 
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ists. Much physiological interest attaches to the potassium combined in 
the base exchange complex. The experimental evidence shows that the 
potassium present in this form is in general available, when present above 
certain minimum amounts, varying with the soil. It can easily be assumed, 
and there are many results of experiments in favor of this assumption, that 
hydrogen ions produced by the activities of root cells easily displace a cer- 
tain proportion of the potassium contained in the base exchange compound. 
The rapid intake of potassium by the plant continuously disturbs the 
chemical equilibrium and in a selective manner, which is not imitated in 
the laboratory. The potassium in the base exchange complex is, however, 
not always indispensable. The soil solution potassium may be maintained 
in some soils at adequate levels of concentration through the dissolving of 
other types of minerals. In fact, it is reasonable to postulate that there 
is! involved the resultant equilibria between all of the various types 
of potassium compounds and the soil solution. These are ideas which can- 
not be expanded now, but the illustration may serve to emphasize the in- 
timacy of the relation which should exist between studies on the solid and 
solution phases of the soil. If time were available much could be said also 
of the clarification which has come from base exchange studies with refer- 
ence to acid and ‘‘alkali’’ soils, and the supplying power of the soil for cal- 
cium under these special soil conditions. 

The relation between the solid and solution phases of the soil has a very 
practical agricultural aspect in the study of availability and the fixation of 
potassium and phosphate by the solid phase. Although among the earliest 
observed of soil phenomena it is doubtful whether the full import of such 
fixation is generally appreciated. It must be emphasized that fertilizers 
react chemically with soils. As has already been said, it is not merely a 
question of adding so much “plant food” to an inert medium. For exam- 
ple, we should inquire, in the case of deep-rooted plants, whether by fer- 
tilization we really change the soil solution as we desire in all the zones of 
root absorption. Even with shallow rooted plants the understanding of 
the degrees of fixation of phosphate and potassium with reference to avail- 
ability to different types of plants is still entirely inadequate. We have to 
take account not only of the base exchange reactions, but also of other types 
of fixation. And the old questions concerning the importance of acid ex- 
cretions by roots and of extent of absorbing root surface are not yet dis- 
missed. It is clear that in these matters soil chemistry and plant physi- 
ology cannot be divorced, and that the practical art of soil management 
must have as its scientific basis a definite concept of the chemical and physi- 
ological interrelation between soil and plant. There are many times when 
the study of the plant itself will best forward an understanding of soil con- 
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ditions. It is true that most of the data of past years on inorganic plant 
composition have not carried us far, but experiments under suitably con- 
trolled conditions still offer much of promise. 

I presume that before closing 1 am entitled to make a few general ob- 
servations. I have spoken of past researches. What are the prospects for 
the future? We may expect that researches of the type already described 
will continue and will be greatly expanded. But we must acknowledge 
that the real reason we are so much interested in the mineral nutrition of 
plants is because of its relation to the synthesis of organic substances. We 
may hope and anticipate that the organic metabolism of the plant will ex- 
cite more and more interest. There are indications in recent research that 
this movement is already well under way. Much will be learned from the 
further application of existing methods of research, but far more than this 
is required. The knowledge of the chemical nature of most plant constitu- 
ents is entirely inadequate and consequently the methods used in following 
metabolic changes highly imperfect and incomplete. The plant physiolo- 
gist will need to call to his service more men who are trained primarily as 
chemists or physicists. A few of the men now entering on their research 
activities will combine an excellent degree of training in both modern chem- 
istry or physics as well as in biology, and from these much may be hoped 
in the future. Ordinarily it will be impossible to make an adequate ad- 
vance in the phases of plant physiology of which I am speaking, without 
cooperative effort, not of the formal and official type, but rather of that 
informal type of cooperation which results from a common interest in a 
general objective by men of different specialization. 

In addition to the intensif e study of plant tissues by the methods of the 
organic chemist and the physical chemist, we may foresee an era in which 
great efforts will be made to grow plants under reproducible conditions, 
which cannot be done without control of light, temperature and humidity, 
as well as of the culture medium. As you know, such experiments have 
already been begun in Europe and in America. The difficulties of growing 
plants of any desired type satisfactorily under real control are very great, 
and not yet solved, but definite progress has been recorded with a few types 
of plants. It becomes possible to do exactly the same thing twice and those 
of you who are engaged in researches on the nutrition of plants will grant 
the cogency of this remark. A quantitative plant physiology in relation 
to mineral nutrition will develop gradually. From this and from the 
specialized chemical and physical research which I have just mentioned, we 
may hope for at least partial answers to numerous questions which now 
perplex us. I do not say complete answers, because as long as an investi- 
gator deals with living organisms he cannot hope ordinarily to achieve the 
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kind of solution of a problem which is often arrived at by the chemist or 
physicist, dealing with sp^cially selected and simplified systems. 

There is no compulsion on me to refer to the practical significance of 
research on soil and plant relations in an address of this character, but we 
cannot help recalling that practical interest will in a large measure dictate 
the support of research. Thus far there has been no adequate apprecia- 
tion of the ultimate economic significance of plant physiological investiga- 
tion in relation to soil problems. Its ramifications in the field of general 
agriculture are obvious, but of much wider scope than is always realized. 
Such research should be the vital foundation of the great fertilizer indus- 
try. Great sums are spent by this industry in practical tests and in pub- 
licity; relatively little on research dealing with ba.sic principles. Agricul- 
tural experiment stations are lending important aid, but they have mani- 
fold demands on their resources. Yet I venture to predict that these 
physiological problems are going to receive ever increasing attention and 
support. If some speaker before this society in a not distant future shall 
elect to discuss the same field of investigation, I am confident that his re- 
port will be far more convincing and adequate than the one that I have 
been able to present this evening. 

Laboratory of Plant Nutrition, 

The ITniversitv of California, 

Berkeley, California. 
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Introduction 

The influence of chemical compounds upon growth and development of 
organisms is of unfailing interest. The natural environment is continu- 
ously supplying the organism with innumerable water-soluble compounds, 
some of which are essential to nutrition and health while others are not 
essential. Any of them may be injurious if absorbed too rapidly or in too 
large an amount. Their absorption rates depend in large measure on their 
concentrations in the surroundings. Many substances that have markedly 
injurious effect when supplied to an organism in one concentration range 
have been found to stimulate or accelerate growth and other activities when 
supplied in a lower concentration range. Too high concentrations of 
usually essential compounds are harmful but physiological processes even- 
tually become retarded or upset when the essential compounds are inade- 
quately supplied. Large numbers of apparently unessential chemical com- 
pounds are commonly present in organisms and in their surroundings 
without producing any physiological effect, either of retardation or stimu- 
lation, but any of these may have a marked effect if its concentration is 
sufficiently increased. Furthermore, the kind and amount of influence 
exerted by a specified compound at a specified concentration on a given 
organism in a given stage of development or physiological state is itself 
greatly influenced by the prevailing concentrations of other compounds. 
The favorable or unfavorable influence of a certain compound at a specified 
concentration in the environment may be greatly altered in many instances 
without any change in the concentration of the compound in question, 
through suitable alterations in the concentrations of other compounds. 
Finally, different kinds of organisms or individuals of the same kind in 
unlike developmental phases or with different degrees of vigor may be 
affected very differently by one and the same set of chemical concentrations 
in the surroundings. 

Various aspects of the chemical relations of organisms have been studied 
by many investigators. The whole science of pharmacology and the con- 
tinually expanding study of antiseptics and their applications deal with 
these chemical relations. Applied plant pathology and the control of in- 
sect pests offer innumerable problems of differential toxicity. From the 
standpoint of agronomy and horticulture the chemical relations between 
higher plants and the chemical compounds in the soil solution have received 
a very large amount of attention. The study of the mineral nutrition of 
plants deals wholly with chemical relations and chemical influences and 
upon its findings since the time of Liebig have been built up modern ferti- 
lizer practice and the great fertilizer industries. Eesearch in this general 
field continually results in new knowledge and leads to new applications,. 
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while practical investigations result in scientific as well as practical ad- 
vance. Some of the most .fundamental theoretical conceptions of physiol- 
ogy are largely based on knowledge of chemical retardation and stimulation 
gained through experiment ; for example permeability, enzyme action, nar- 
cosis, anaesthesia, the breaking of physiological dormancy and many 
others. 

The nature of the problems concerning chemical influence on organisms 
is such that any single experimental investigation must necessarily be con- 
fined to a small number of compounds if many different concentrations are 
studied or else to few concentrations of each compound if many compounds 
are dealt with. Also, it is usually feasible for an investigator to work with 
only one kind of plant or animal or wuth but a few different forms, and 
with only one or a very few different developmental or pliysiological phases 
of any organism. Many plant forms have been studied in this connection 
by different workers, ranging from bacteria, fungi and algae to such plants 
as maize and sunflower. For the higher plants soil cultures and solution 
cultures have been employed to bring out the various influences exerted by 
solutes in the aqueous solution about the plant roots. Only rather recently 
have the influences exerted by gaseous compounds in the air about plant 
parts been subjected to extensive study, especially in connection with the 
ripening of fruits and other plant products in storage. The substances 
already mentioned in the literature of chemical influence represent almost 
the entire range of chemical compounds, from tlie simplest inorganic salts 
and carbon compounds like carbon monoxide, carbon dioxide and ethylene 
to the most complex substances with which chemical science struggles, like 
proteins, alkaloids and glucosides. 

A vast literature is available concerning the influence of inorganic com- 
pounds on plants. Some of these compounds supply essential nutritive 
elements, as nitrates, phosphates and sulphates of potassium, calcium and 
magnesium. These and others are commonly present in the soil solution, 
sometimes in highly injurious concentrations, and still others have been 
studied primarily to throw light on the general theory of toxicity and 
stimulation. In Szucs’s article (26) may be found a discussion of antag- 
onistic ion absorption in plants. A general summary of our knowledge 
of inorganic plant poisons has been made available by Winifred Brench- 
LEY (1). 

Organic compounds have received much attention, especially in connec- 
tion with applied science, as in medicine, in the search for new^ antiseptics 
and in the field of stimulants, narcotics and anaesthetics. Many carbon 
compounds have been studied to some extent in connection with the prob- 
lems of nutrition and of biochemistry in general. Substances that usually 
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occur in the plant or animal body or in natural environments have at- 
tracted much attention at the hands of experimenters; Studies have been 
made on some of the simpler organic compounds as they may influence bac- 
teria, fungi or lower animal forms. Much fundamental research on lower 
animals has been devoted to the lower fatty acids and related substances, 
especially with reference to permeability and cell division. 

A few recent papers may be mentioned. Mary E. Collett (6) studied 
the influence of organic and inorganic acids on Paramoechim and Euplotes, 
Crozier (6) studied the permeability of the cells of Chromodoris zebra 
with reference to several aliphatic acids. H. W. Smith (25) studied the 
influence of these acids on cell division in eggs of Echinarachnius, Lucke 
and McCutcheon (17), working with Arbacia eggs, related the rate of 
penetration of salts of organic acids to valency and other molecular 
characteristics. 

Much attention has been given to the toxicity of fatty acids in relation 
to bacteria and fungi (Kronig and Paul, 15; Taylor, 27.). J. F. Clark 
(3) studied toxicity with reference to some filamentous fungi, finding, 
among other things, that acetic acid was more toxic than the common min- 
eral acids. Dunn (8), working with the fungus Sclerotinia cinerea, 
thought hj^drogen-ion concentration was the main factor determining the 
toxicity of the common mineral acids but that it was of only secondary im- 
portance in determining toxic action due to the simple fatty acids. Uppal 
(32) studied the influence of various organic acids on the germination of 
spores of Phytophthora colocasiae. 

Some organic acids have been studied with regard to their influence on 
the growth of higher plants. Kahlenberg and True (14), Heald (10), 
Kahlenberg and Austin (13), True (30) and Cameron and Breazeale 
(2) experimented with white lupine, pea, maize, wheat, clover, etc. 
Dachnowski (7) studied the influence of organic acids on the rate of trans- 
piration of tomato plants. Macht and his co-workers have employed root 
elongation in young seedlings of white lupine as an indicator of the relative 
toxicities of many organic compounds (Macht and Marguerite B. Liv- 
ingston, 20; Macht and, Harriet P. Leach, 19) and biological prepara- 
tions (Macht and Dorothy Lubin, 21; Macht and W. T. Anderson, 18), 
Macht has suggested the term phytopharmacology'' to mean the study 
of toxicities or other influences by means of plant organisms as indicators. 
Eisenmenger (9) studied the toxic effeqts of a number of aliphatic alco- 
hols in nutrient solution, on the rate of root elongation of soy-bean 
seedlings. 

In many studies concerning the influences of organic compounds on 
plants only a few different concentrations of each of the substances in ques- 
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tion have been tested and attention has been chiefly confined to lethal con- 
centrations. Comparatively little attention has usually been given to the 
requisite standardization of the plant material employed or to the back- 
ground conditions of the experiments. For these and related reasons and 
because most investigators in this field have chosen plant material mark- 
edly different from that used by others, very little progress has thus far 
been made toward any general understanding of even the simplest organic 
compounds in their relation to plants. Systematic study in this field has 
hardly begun and suitable technique for it remains mostly to be developed. 
The obvious necessities are: (1) That the plant material used should be as 
nearly the same as possible for the beginning of all comparable tests and 
should be so described as to permit repetitions of the experiments. (2) 
That all comparable experiments should be performed on material in the 
same developmental phase or stage of maturity — ^preferably a phase in 
which the rate of the physiological process to be measured does not auto- 
matically alter too much, in the healthy material used for controls, within 
the experiment period, or alters only in ways that may be satisfactorily 
taken into account in comparing the numerical results. (3) That the 
duration factor (lengths of observation intervals and exposure periods) 
should be given just as serious consideration as is accorded to any other 
influential feature. (4) That the background conditions of the environ- 
ment for all comparable tests should be just as adequately controlled, or 
at least just as thoroughly specified, as are the experimental variables 
themselves, repetition of otherwise fairly satisfactory experiments not in- 
frequently being rendered impossible because background conditions have 
not been suitably defined. (6) That the experimental variables (the com- 
pounds to be tested and their concentrations) should be adequately speci- 
fied. (7) Finally, that the effects or responses of the plant material to the 
various treatments or environmental complexes should be measured with 
adequate precision and should be recorded in suitable terms for convenient 
comparison. The last two desiderata are commonly well cared for in ex- 
perimentation but at least some of the others are apt to receive but scant 
attention. It is of course impossible as yet to fulfill all these requirements 
for ideal experimentation but it is surely desirable now to go as far toward 
the ideal as may be permitted by circumstances and facilities and by the 
nature of the research in question. 

The study reported in this paper was largely an attempt to develop a 
fairly consistent and feasible technique for studying the concentration rela- 
tions of chemical compounds to the elongation of the primary roots of white 
lupine seedlings. All the seedlings used were very nearly alike, having 
been grown from selected seeds under standard conditions. Their primary 
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roots were of nearly the same length and were in that developmental phase 
in which the rate of their elongation is automatically maintained for a long 
time with a maintained environment favorable to health. The treatment 
or exposure period, during which a chemical compound was present in the 
solutions around the roots, was of such length that control roots in stand- 
ard nutrient solution always showed a definite increment of elongation in 
that period. The external background conditions were specified in terms 
of a standard nutrient solution, a maintained temperature and a standard 
experimental procedure. The three simplest aliphatic acids, the potassium 
salt of one of them and one mineral acid were the compounds tested, with 
a large number of concentrations of each compound. In each case the con- 
centrations tested were so chosen that the entire concentration range from 
zero to the concentration that inhibited root growth in the treatment 
period was well represented. The results consequently furnish a picture 
of the manner in which the influence of each compound depended on its 
concentration. 

This experimentation was carried on in the Laboratory of Plant Physi- 
ology of the Johns Hopkins University, with advice and guidance from the 
director of that Laboratory, Professor Burton E. Livingston. The writer 
wishes to express her thanks to Professor Livingston for facilities and 
equipment as well as for many helpful suggestions concerning procedure 
and technique, and especially for help in the interpretation of results and 
in the preparation of this paper. 

Methods and procedure 

The experiment room 

All the experiments of this study were performed in the basement dark 
room of the Johns Hopkins Laboratory of Plant Physiology. There was 
some movement of air around the frame of the shuttered window and 
through the three-door labyrinth but no light entered the room. It was 
always dark excepting for a period of about three hours each day, when a 
50-watt electric light was in operation, for observation and manipulation. 
The air temperature of this room remained nearly constant for long periods 
of time but when suitably placed thermographs showed lowering tempera- 
ture an electric heater was brought into operation. Thus the air around 
the cultures was maintained between 18.8® and 21.0°, but the fluctuation 
for any single experiment was not as great as is indicated by these limits. 
A standardized white spherical atmometer situated near the cultures lost 
from about 13 ml. to about 20 ml. per day,, which indicates low, rather uni- 
form evaporation intensity. 
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Preparation of seedlings 

Seed germination. — The* plant material used was seedlings of white 
lupine (Lupinus albus L.) with primary roots about 30 mm. long. These 
had all been grown from the same lot of seed, supplied by the Vaughan 
Seed Store, in Chicago, and stored in the experiment room. The seeds of 
this lot were very uniform in color, form and size — about 8 mm. in diame- 
ter and 3 mm. thick — and showed a germination percentage of 98 for the 
conditions employed. There was no evidence of any seed deterioration 
throughout the period of the study. 

For each set of experiments, requiring 90 or 105 selected seedlings, 
about 400 seeds wTre soaked 24 hr. in tap water at a temperature of 
20 ±: 2® and were then planted in the germinators. These were cylindri- 
cal glass pans 22 cm. in diameter and 8 cm. high, containing washed quartz 
sand of medium fineness moistened with 5 ml. of standard nutrient solution 
for each 100 ml. of sand. This medium had a volumetric water-holding 
power of 29.6 per cent., according to the Hilgakd test ( 12 ) wdth a 1-cm. 
column. At the beginning of the study and after each period of use the 
sand and the germinator pans were thoroughly washed with distilled water 
and allowed to drain. The sand 'was spread out on paper in the green- 
house, where it became air dry and ready for use. 

Sand, moistened with nutrient solution, was rather firmly packed in the 
germinator pan to a depth of about 5.5 cm. Approximately 175 soaked 
seeds were pressed, micropyle down, half way into the smoothed surface, 
after which air-dry sand was added to fill the pan level with the top. At 
the end of a germination period of about 48 hr. the dry sand was poured 
off and the seedlings were lifted by means of bone-tipped forceps applied 
to the cotyledons and all apparently unusual seedlings were discarded. 

Each of the selected seedlings from the sand culture was rinsed in 
standard nutrient solution and its root length was measured before it was 
placed in the preliminary solution culture. For any set of experiments 
the root lengths were all alike within plus or minus 2 mm. and the whole 
range of root lengths at this stage was only from 15 mm. to 22mm. 
Throughout these operations the roots were kept pointing downward and 
were not allowed to come in contact Avith the 15-cm. celluloid metric scale 
used in their measurement. About 35 acceptable seedlings with straight 
roots of the required length were obtained from each 100 seeds originally 
planted. 

Preliminary solution cultures. — ^For the preliminary solution cul- 
tures cylindrical stone-w^are jars (“butter crocks 30 cm. in diameter and 
17 cm. deep were used as containers, each with a multiperforate circular 
cover of reinforced paraffin about 8 mm. thick. This paraffin plate was 
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prepared from quarter-inch galvanized iron wire netting by filling and 
heavily coating with paraffin. The perforations were made with a cork 
borer. Each plate bore about 200 seedlings, identified by India-ii^ 
numerals on the paraffin. The plantlets were supported by their cotyle- 
dons, each root and hypocotyl extending downward through one of the per- 
forations and dipping into the solution to a depth of at least 8 mm. Bach 
jar contained enough standard nutrient solution to bring the liquid surface 
nearly up to the plate. The seedlings remained in preliminary culture, 
where root elongation proceeded at a mean rate of somewhat over 1 mm. 
per hour until the roots were about 30 mm. long and the hypocotyls about 
10 mm. They were then removed, measured, recorded and placed in the 
experiment tubes for the treatment period. At this transfer only those 
seedlings were used which had straight roots 30 ±- 2 mm. long. About 25 
of these standard seedlings w'ere thus obtained from each hundred seeds 
originally planted. 

In measuring for this selection, as well as for subsequent growth rates, 
only the roots were considered. The hypocotyls attained a length of about 
10 mm. in the preliminary culture, as has been said, and their subsequent 
elongation was practically negligible until the roots had attained a length 
of about 70 mm. Measurements were from the root tip to the easily visible 
ring or collet that marks the junction of root and hypocotyl in seedlings 
of this species. Because the collet is somewhat irregular, all measurements 
of each particular root were made on the same side, orientation being 
secured by reference to the plane of the cotyledons. Throughout the study 
the maximum error of mea.surement was not more than 1 mm. 

The standahd nutrient solution 

The nutrient solution used as standard throughout this study was of 
Shive’s (24) 3-salt type. It was prepared w'ith distilled water from a 
Barnstead still and “C. P.” crystalline salts, the latter supplied by the J. 
T. Baker Chemical Co., of Phillipsburg, New Jersey. Each liter of the 
standard solution contained 0.820 g. (0.0050 mol.) of Ca (NO.,)j, 0.9395 g, 
(0.0069 mol.) of KH^PO^, and 1.128 g. (0.0094 mol.) of MgSO«. The pos- 
sible error for each salt was not over 0.6 per cent, in any instance. No iron 
was added. This solution had been calculated to have equal osmotic pro- 
portions of the three salts and a total osmotic value of about one atmosphere 
at 20°. It produced very satisfactory growth in the seedlings of this study 
but no attempt was made to find an optimal solution and it of course re- 
mains possible that some other combination of these or other salts might 
have produced even more vigorous root growth. Several preliminary ex- 
periments showed that the total concentration of this solution might be as 
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much as 25 per cent, higher or lower without significant alteration in root 
elongation. 

An 18-1. lot of solution of each salt lasted throughout the entire study. 
The three single-salt stock solutions were stored in as many 5-gallon bottles 
in the experiment room. Each bottle had a rubber stopper bearing an air 
inlet, guarded by a calcium-chloride tube, and a siphon for removal of solu- 
tion. The siphon was provided with a bit of rubber tubing bearing a Mohr 
pinch cock and a short glass tip. 

The molar concentrations of the single-salt solutions, as ascertained by 
gravimetric analysis (Treadwell and Hall, 28 ) were as follows: 0.500 
mol. KH2PO4, 0.532 mol. Ca(N03)2 and 1.005 mol. MgS04. The standard 
nutrient solution was prepared volumetrically from these single-salt solu- 
tions, usually 18 1. being made up at weekly intervals, or more often. It 
was stored like the single-salt solutions in the experiment room. 

The experiment solutions 

Experimental variables and background conditions. — By means of 
specified experiment solutions the physiological effects of the five com- 
pounds studied were ascertained by tests. These effects were of course 
measured in terms of the root elongation of standard seedlings. In the 
main part of the study the effect of each experiment solution was measured 
by comparing the amount of root elongation that occurred in iti with the 
amount that occurred at the same time in standard nutrient solution with- 
out any added compound. In a single series of experiments distilled water 
was used instead of standard nutrient solution and the control medium for 
these was of course distilled water without any added substances at all. 
All experiment solutions in any series were qualitatively alike at the start 
for all tests but differed with regard to the concentration of the sin- 
gle added compound. The six series of experiment solutions are set forth 
below, with the number of different solutions in each series. 

Series 1. Standard nutrient solution plus acetic acid at various con- 
centrations. 35 solutions. 

Series 1 A. Aqueous solutions of acetic acid. 19 solutions. 

Series 2. Standard nutrient solution plus propionic acid at various 
concentrations. 28 solutions. 

Series 3. Standard nutrient solution plus normal butyric acid at vari- 
ous concentrations. 28 solutions. 

Series 4. Standard nutrient solution plus sulphuric acid at various 
concentrations. 18 solutions. 

Series 5. Standard nutrient solution plus potassium acetate at vari- 
ous concentrations. 19 solutions. 
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In each series of experiments there was jnst one experimental variable, 
the concentration of the added compound, and all other influential condi- 
tions were approximately alike for the beginning of all tests in that series. 
When different series of the main group (Series 1, 2, 3, 4, 5) are compared 
two experimental variables have to be considered, the nature of the added 
compounds and their respective concentrations. When the series based on 
distilled water (1 A) is compared with any other series, the complex of the 
three nutrient salts is of course an experimental variable. Excepting the 
experimental variables and the process rate that was to be measured 
(elongation of primary root), all variables were approximately alike at the 
beginning of all tests ; that is, they are to be regarded as constants for any 
series and for all series. These constitute the experimental background; 
they were either maintained within limits of fluctuation set by the general 
technique or else they altered during the tests in ways determined by the 
interaction of seedling and solution. Among the approximately main- 
tained background conditions of the environment were temperature, light, 
evaporational intensity and oxygen supply. The internal characteristics 
of the standard seedlings were approximately alike at the start of all tests 
but they naturally altered with time and in accord with the influences ex- 
erted by the several experiment solutions. 

It should be mentioned that the experiment solutions all altered while 
in contact with the roots. A liquid medium surrounding a living root 
changes in many ways, through the absorption of molecules and ions by the 
root and through the escape of molecules and ions from the root. To avoid 
this troublesome consideration it would have been necessary to arrange for 
the experiment solutions to flow continuously around and past the roots at 
adequate rates. This aspect of the technique of physiological experimen- 
tation has been emphasized by Trelease and Livingston (29) and some 
later writers, but its introduction would necessarily narrow the field of any 
experimental study. This difficulty is sometimes avoided to some extent 
by renewing the experiment solutions at intervals, if the experiment 
periods are of suitable length, but other troublesome considerations are 
thereby intro<iuced. 

Preparation of the experiment solutions. — The experiment solu- 
tions were prepared from standard nutrient solution or distilled water and 
simple stock solutions of the five chemical compounds whose influences on 
root elongation were to be studied. The acetic acid (CHgCOOH) used was 
Merck’s ‘‘C. P.,” 99.5 per cent. The propionic acid (CH3CH2COOH) 
was from the Eastman Kodak Co., with boiling point 140°-142®. The nor- 
mal butyric acid (CHgCHgCHaCOOH) was from the same source, with 
boiling point 161®-163°. The sulphuric acid (H2SO4) and the potassium 
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acetate (CH3COOK) were from the J. T. Baker Chemical Co., the former 
being “C. P.,” 93.5-95.9 per cent, and the latter "C. P.,” Baker's ana- 
lyzed. The stock solutions had the following concentrations, as ascertained 
by titration : — 

CH 3 COOH, 0.12096 N. 

CH 3 CH 3 COOH, 0.16120 N. 

CHjCH^CHjCOOH, 0.09428 N. 

H 3 SO,, 0.08611 N. 

I 0.1272 N. 

CH3COOK{o 304 g 

These were made up with distilled water and were stored in glass bottles 
in the experiment room. 

The experiment solutions based on standard nutrient solution were 
made volumetrically, by diluting the proper simple stock solution with 
standard nutrient solution to the required degree. For the lower concen- 
trations of the added compounds this was accomplished by several steps. 
The corresponding dilution of the nutrient solution was considered as neg- 
ligible; for the most concentrated experiment solutions this dilution never 
amounted to more than 7 per cent. No experiment solution containing the 
nutrient salts was ever stored longer than one week. 

The experiment solutions based on distilled water without nutrient salts 
were prepared from the simple stock solutions just as the others were, ex- 
cepting that water was used instead of standard nutrient solution. 

The actual concentrations of the added compound in each series of ex- 
periment solutions are shown in tables I-VI, expressed in terms of mil- 
lionths normal. Thus 2,560 millionths normal means the same as 0.002560 
N. Of course a solution so designated has 2,560 millionths of a hydrogen 
equivalent of the specified solute in each liter of solution. Normal and 
molar values are identical for the three organic acids and potassium ace- 
tate, but a normal-concentration value is numerically twice as great as the 
corresponding molar-concentration value in the case of sulphuric^ acid. 

Hydrogen-ion concentration of the solutions. — Approximate hydro- 
gen-ion concentrations of representative samples of each series of experi- 
ment solutions containing the nutrient salts were determined by the 
colorimetric method of W. M. Clark ( 4 , p. 38). No buffer was added since 
all these solutions contained KH 2 PO 4 at a concentration of about 0.0023 
normal, The results, expressed in terms of the pH scale, are plotted in 
figure 1 with graphs showing the general trends indicated by the points. 

From this figure it may be seen that the pH value for the standard 
nutrient solution was 4.4 and that all the solutions of every series were 
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Fig. 1. Graphs showing approximate relations of concentration of added compound to 
pH value in each of the five series of modified nutrient solutions. 

markedly acid. Of the five added compounds only potassium acetate pro- 
duced solutions of pH values above 4.4. The addition of that salt, even in 
very small concentration, raised the pH value markedly. As would be ex- 
pected from its chemical nature, sulphuric acid produced a marked lower- 
ing of the pH values of the nutrient solutions to which it was added, even 
when present in very low concentration. With progressively greater con- 
centrations potassium acetate and sulphuric acid were less effective in 
altering the hydrogen-ion concentration of the nutrient solution to which 
they were added. It is interesting to note that these two graphs are nearly 
symmetrical about the horizontal line for 4.4, the graph for sulphuric acid 
lying above that line and the one for the acetate below. 

The approximate graphs for the three organic acids appear in figure 1 
as straight lines sloping upward to the right of their points of intersection 
with the horizontal line for the pH value of 4.4. These points are all far 
from the y axis, which means that a considerable concentration of any one 
of the three organic acids was required to lower the pH value below 4.4 
sufficiently to be detected by the test method used. This critical concen- 
tration value was found to be about 775 millionths normal for butyric acid, 
about 825 millionths normal for acetic acid and about 950 millionths nor- 
mal for propionic acid. But the precision of these colorimetric measure- 
ments is not high enough to warrant much emphasis on the exact order of 
these critical values. 
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The experiment periods and the indices of root elongation 

General plan op experimentation. — Measured seedlings were allowed 
to remain in the experiment solutions for a treatment period of about 20 
hr., after which their roots were again measured. The seedlings were then 
rinsed in standard nutrient solution and returned to the preliminary cul- 
ture from which they had been taken. They remained there for a recovery 
period of 10 hr. Measurements and observations made in this period 
showed the after effects of the preceding treatment with the experiment 
solutions. For the treatment period each seedling occupied a separate test 
tube with about 27 ml. of experiment solution but for the recovery period 
all of the seedlings in any experiment had their roots in the same large jar 
of standard nutrient solution. All experiments began with measured 
standard seedlings grown as described above, each experiment comprising 
6 or 7 units of 15 seedlings each, all in any unit being treated alike. There 
was a control unit in each experiment, consisting of 15 seedlings in as many 
tubes of standard nutrient solution for the treatment period. An addi- 
tional control of 15 seedlings in as many tubes of distilled water was used 
for the experiments on solutions without the nutrient salts. The seedlings 
of both types of control were returned to the nutrient solution in the pre- 
liminary-culture jar for the recovery period. 

The average increment of root elongation was secured for each unit, for 
the treatment period and for the recovery period. These averages consti- 
tute the primary numerical results of this studj^. Bach was finally ex- 
pressed as a percentage of the average from the corresponding control unit 
for the same period. 

The treatment period. — In the treatment period each plantlet occu- 
pied a separate rimless test tube of ‘‘Pyrex chemically resistant” glass, 15 
mm. in diameter inside and 150 mm. long. Each tube had a paraflBn- 
impregnated cork 17 mm. long, of the common taper form, with a central 
hole 5 mm. in diameter. The corks fitted the tubes so tightly that only 
about 2 mm. extended inside. Before the beginning of each experiment, 
tubes and corks were thoroughly washed with distilled water and dried by 
draining. When a change was to be made in the kind of experiment solu- 
tion the tubes were washed with cleaning mixture (concentrated HgSO^ 
saturated with KgCraOy). In use, the tubes were held in rectangular wire 
racks holding 40 tubes each. Instead of tubes or stoppers being marked 
the tubes were identified by their positions in the rack. A thermograph 
on the shelf bearing the racks showed a maintained temperature of 20 ±: 1°. 

In setting up an experiment, each of the 15 tubes in each unit received 
about 27 ml. of the requisite solution and a cork was inserted. As the seed- 
lings from the preliminary culture were measured and recorded each satis- 
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factory one was mounted in a tube of the requisite solution, after being 
rinsed in a beaker of the same solution. The root was inserted through the 
cork, on the top of which the cotyledons rested. At that time the roots 
extended about 17 mm. into the solution, the free surface of which was ap- 
proximately 3 mm. below the top of the tube, or about 1 mm. below the 
bottom of the cork. 

The treatment period for each experiment lasted until the seedling 
roots of the nutrient-solution control unit had increased in length by about 
26 mm. ; that is, until the roots of that control unit had a mean length of 
56 mm. The length of the treatment period varied somewhat from one 
experiment to another because it was measured in terms of root growth of 
these control seedlings. Its actual duration was from 18 to 23 hrs. The 
variations may be considered as due to slight differences among the experi- 
ments with regard to prevailing influential conditions. 

The preliminary measurements of the control roots in standard nutrient 
solution, for ascertaining just when treatment would be discontinued, were 
made by observation through the walls of the tubes, without removing the 
plantlets, and they were consequently less precise than the subsequent 
regular measurements at the end of the treatment period, for which the 
seedlings were of course removed. 

At the close of the treatment period every seedling was removed from 
its tube and its root length was measured in the regular way. For each 
unit of the experiment in question there were thus obtained fifteen indi- 
vidual elongation increments for the treatment period. The average 
increment for this period was then computed for each unit and each 
average was expressed as a percentage of the control average for the same 
experiment. 

The percentage values thus secured are taken as numerical indices of 
root elongation in the treatment period and those derived from different 
series of experiments, as well as from different units of the same series, are 
comparable for all cases based on the same kind of control solution. The 
final phrase of the last statement is important because distilled water was 
the control medium for the tests made with solutions that did not contain 
the three nutrient salts while standard nutrient solution was the control 
medium for the other tests. These considerations may be illustrated by 
the following examples of typical measurements and computations for the 
treatment period. See page 404. 

It is seen that the average elongation for unit B is expressed as a per- 
centage of the corresponding average for control unit A, while the per- 
centage index for unit D is based on the corresponding average for control 
unit C. These data are from one experiment for units A and B and from 
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Root elongation in treatment period 


Seedling 
no. in 
experiment 
unit of 15 
seedlings 

Unit A, 
standard 
nutrient 
solution 

Unit B, 
standard solu- 
tion with addi- 
tion of 1129 
millionths 
normal 

CH, . COOH 

Unit C, 
distilled 
water 

Unit D, 

605 millionths 
normal 

CH, . COOH 
without 
nutrient 
salts 


mm. 

mm. 

mm. 

mm. 

1 

22 

17 

8 

4 

2 

25 

20 

7 

6 

3 

27 

19 

6 

2 

4 

25 

13 

7 

2 

5 

25 

16 

5 

3 

6 

24 

17 

7 

3 

7 

28 

14 

6 

3 

8 

24 

21 

9 

4 

9 

26 

17 

3 

3 

10 

28 

12 

5 

4 

11 

28 

19 

1 

7 

6 

12 

28 

14 

3 

4 

13 

23 

21 

4 

2 

14 

19 

16 

7 

5 

15 

21 

18 

6 

3 

Average for unit 

24.8 

16.9 

6.0 

3.6 

Percentage index 

100.0 

68.3 

100.0 

60.3 


another experiment for units C and D. All percentage indices for the 
treatment period based on controls with standard nutrient solution are 
comparable throughout the whole range of this study. This is also true of 
all percentage indices based on controls with distilled water, but the two 
groups are to be kept distinct. 

The recovery period. — ^At the close of the treatment period each 
measured seedling was rinsed in standard nutrient solution and then 
returned to the paraffin plate on the preliminary-culture jar from which 
it had been removed for treatment. The solution in the jar had not been 
changed. After an interval of about 10 hrs. all roots were again measured 
and percentage indices of root elongation were derived in the same way as 
for the treatment period. These furnish a second series of growth indices 
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for each compound studied. Of course they refer to the after effects occur* 
ring in the 10-hr. interval after the treatments had been discontinued. The 
seedlings were left on the paraffin plate for several days and further 
observations were made, but branching soon occurred in the upper region 
of many injured roots and consistent measurements were then difficult or 
impossible. Only the first 10 hr. following the close of the treatment period 
will be considered in this report. 

Root elongation in the control cultures 

The march op root elongation in controls with standard nutrient 
solution at 20°. — The rate at which an organ enlarges usually alters as 
development proceeds, even when the environmental influences are all 
maintained. For organs of limited growth, such as these primary roots, 
elongation under favorable external conditions is slow at first, then increases 
to a relatively rapid rate, which may be maintained while a large increment 
is added, and finally decreases as maturity is approached. This grand 
march of the growth rate is controlled by internal changes when external 
conditions do not alter in the experiment period and it may be modified 
in any phase by stimulating or retarding influences acting from the out- 
side. In the lupine roots used in this study, when grown in standard 
nutrient solution by means of the technique described above for prelimi- 
nary cultures and nutrient-solution controls, elongation ceased or became 
very slow after a rather definite length had been attained, and further root 
growth then took the form of development of lateral branches. 

Since the results of most of these experiments were to be expressed 
with reference to control cultures in standard nutrient solution, it was 
important to know how the rate of root elongation changed as development 
advanced when the roots were kept in standard nutrient solution and the 
other conditions were those of the regular nutrient-solution controls. 
Three special experiments and two of the regular control units were 
employed to give information in this respect. These tests were performed at 
different times between October and February. Seedlings were removed 
from the germinator 26 or more hours after planting, being then measured 
and immediately placed in experiment tubes of standard nutrient solution, 
where they remained for a period of about 150 hr. The temperature was 
20 dcz 1°. In this period measurements of root length were made at inter- 
vals, in the regular way. The resulting data are shown graphically in 
figure 2, where the ages of the seedlings (reckoned from the time of plant- 
ing the seeds) are plotted as abscissas and the root lengths are ordinAtes. 
Each of the different symbols represents a separate experiment. 
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Pig. 2. Graph showing grand march of primary -root elongation in standard nutrient 
solution; the several symbols represent different experiments. 

All the points taken together form a remarkably homogeneous and con- 
sistent series. The average march of root length with respect to time is 
approximated by the curve. The growth rate is shown to have increased 
until about the fortieth hour, when the average root length was about 
15 mm., after which the average rate was maintained (at a little over 1 mm. 
per hour) for about 45 hr., until the average length was about 65 mm. 
The rate then decreased and at the end of about 150 hr. it was only about 
0.2 mm. per hour, when the root was about 85 mm. long. 

This graph is similar to other curves for the grand period of growth in 
plants. In connection with the root-elongation indices to be considered 
below, the maintained rate between root lengths of 15 mm. and 65 mm. is 
specially interesting. This range of root lengths represents a phase of 
rapid enlargement at a nearly constant rate. In this phase enlargement 
was practically confined to the primary root. The cotyledons remained 
close together and without marked change, elongation of the hypocotyl was 
very slow and secondary roots had not yet begun to appear. At the end 
of this phase the hypocotyl began to show rapid elongation. 

Most of the experimentation of this study is referred to this develop- 
mental phase of plantlets in the nutrient-solution controls. According to 
the regular procedure the roots of the standard seedlings were about 30 mm. 
long and those in the nutrient-solution controls became about 56 mm. long 
in the treatment period and about 66 mm. long in the recovery period. 

Inpluencbs of slight temperature fluctuations on root elongation 
IN nutrient-solution controls. — The temperature at which the experi- 
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ments of this study were conducted fluctuated between extremes of 18.8® 
and 21.0®, as has been indicated, and the results to be presented farther on 
consequently refer to a maintained temperature of about 20®. The follow- 
ing data seem to show that the temperature deviations may generally be 
neglected. These data refer to regular control units with standard nutrient 
solution, for the treatment period of about 20 hr. 


Maintained 

Length 

Mean hourly 

Maintained 

Length 

Mean hourly 

tempera- 

of 

rate of root 

tempera- 

of 

rate of root 

ture 

period 

elongation 

ture 

period 

elongation 

deg. C. 

hours 

mm. 

deg. C. 

hours 

mm. 

18.8 

19.2 

1.29 

\ 


ri 9.8 

1.23 

19.0 

21.1 

1.24 

20.2 


19.8 

1.26 

19.3 

19.4 

1.24 



[ 19.7 

1.31 



[ 20.2 

1.34 

20.5 

j 

20.3 

1.37 

19.8 


20.0 

1.28 


20.2 

1.24 


1 

20.0 

1.29 

i 20.8 

20.4 

1.38 



r 18.6 

1.31 

i 


( 23.1 

1.18 



24.2 

1.11 

, 21.0 


22.1 

1.34 



22.3 

1.18 


20.4 

! 1.27 

20.0 


19.9 

1.26 

1 


20.4 

1.33 


19.2 

1.30 

1 





18.9 

1.28 






20.3 

1.22 






18.7 

1.31 





It is clear that there is no consistent relation between temperatures and 
mean hourly growth rates and that deviations related to unknown influ- 
ences (including internal variations of the seedlings and errors of observa- 
tion) must have been sufficiently great to mask any temperature influence 
that might be evident if all the non-temperature influences had been ideally 
constant for the series. For the interpretation of the standard-solution 
controls throughout the entire study it is safe to suppose that such slight 
temperature fluctuations as may have occurred may be considered as negli- 
gible, in relation to the inevitable innate variability of the standard seed- 
lings and possible errors of technique. The average hourly rate of elonga- 
tion of these roots in standard nutrient solution, for the regular treatment 
period is 1.27 mm., which is equivalent to an average enlargement of 25 mm. 
in a period of 20 hrs. The greatest deviation from this average rate was 
12.6 per cent. (1.11 mm. in the above tabulation). 

Controls with distilled water. — ^Very little root elongation occurred 
in the distilled-water controls during the treatment period and these roots 
failed to elongate further when returned to standard solution for the 
recovery period. After about four days they began to produce laterals, 
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however, showing that the distilled-water treatment had not killed the 
entire root. The relations between distilled-water cultures and nutrient- 
solution cultures for the treatment period and the succeeding lO-hr. interval 
are shown below. 



Elongation in 
standard nutri- 
ent solution 

Elongation in distilled water 

Actual 

Percentage index 


mm. 

mm. 


Treatment period, about 20 hr 

25.7 

4.3 

16.7 

10-hr. recovery period 

10.0 

0.0 

0.0 


It will be remembered that the standard seedlings (with roots 30 mm. 
long) had shown a mean rate of elongation of about 1 mm. per hour in 
preliminary solution culture and that this rate had been nearly the same 
for the previous 15 mm. of elongation. The control units in standard 
nutrient solution continued to show this maintained rate of root growth till 
the end of the recovery period but the control units in distilled water are 
seen to have been very markedly retarded in the treatment period. Dis- 
tilled water consequently acted as a highly toxic medium, which is in accord 
with the statements of many writers who have experimented with distilled 
water as a medium for plant cultures. 

A special series of measurements was made to secure information con- 
cerning the manner in which distilled-water retardation first became mani- 
fest after the transfer of a seedling from the standard solution. The root 
of a standard seedling that had been growing in a tube of standard nutri- 
ent solution for 2 hours in the experiment room, was measured several 
times in the next 15 minutes, by means of a horizontal microscope used like 
a cathetometer. The mean hourly rate of elongation was 1.46 mm., with 
fluctuation between 1.43 mm. and 1.51 mm. After the mean rate of growth 
in nutrient solution had been thus ascertained the seedling was quickly 
rinsed in distilled water and mounted in a tube of this medium, and the 
microscopic readings were continued for 2 hr. Only half a minute was 
required for the transfer. The distilled water had the same temperature 
as the nutrient solution. Its hydrogen-ion concentration was markedly 
lower than that of the nutrient solution; the pH value of the water was 
about 5.6, while that of the solution was about 4.4. Promptly after the 
change of medium the root began to show growth retardation, which gradu- 
ally increased throughout the period, as is shown by the graph of figure 3. 

It is clear from this special series of measurements that injury by dis- 
tilled water progressed for several hours. In the distilled-water con- 
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Pig. 3. Graph showing gradual slowing down of primary-root elongation after transfer 
of* a standard seedling from standard nutrient solution to distilled water. 

trols of the regular experimentation elongation of the primary root had 
ceased before the end of the treatment period, the mean length of which 
was 21.2 hr. The individual roots of the distilled-water control units 
showed much greater variability than was shown by those of the nutrient- 
solution units. This may have been partly due to the fact that these mea- 
surements were relatively much less precise, because of the small amount 
of elongation measured, but the same was true of the averages for the sev- 
eral units, and errors of measurement can scarcely be accountable for that, 
since there were 15 seedlings in every unit. In some instances the 
treatment-period average for a distilled-water unit was as much as 40 per 
cent, larger or smaller than the mean of all such averages. Since no aver- 
age for any nutrient-solution unit deviated from the mean of all such units 
by more than 8.3 per cent., as has been said, it is clear that the distilled 
water used acted on these seedlings not only to retard root elongation to a 
very great degree but also to make it appear that their innate variability 
was much greater than was apparent from the nutrient-solution tests. It 
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is generally true that the innate variability of a stock of organisms is more 
pronounced for somewhat unhealthy or injured organisms than for more 
healthy ones. 

Many writers on toxicity and the chemical stimulation of plants have 
employed distilled water as the only control medium in their experiments. 
As has been emphasized by True (31) and Stiive (24), however, such a 
control is very unsatisfactory both logically and practically. Distilled 
waters are apt to differ as to their impurities, and cultures in this medium 
may therefore be impossible of repetition. Even if laboriously purified by 
redistillation, etc., distilled water is easily contaminated by contact with 
the air or in other ways, and of course it cannot remain pure after organ- 
isms have been placed in it. Furthermore, for plants with roots in water 
very low concentrations of toxic solutes generally have much more marked 
effects in the absence of the essential nutrient salts than when those salts 
are present in proportions and concentrations suitable to maintain health. 
Finally, seedlings such as those employed in this study can live but a few 
wfeeks with their roots in distilled water. No matter how nearly pure the 
water may be, the plant must be injured from the start, partly through loss 
of considerable amounts of essential ions and partly because the necessary 
absorption of essential mineral nutrients is of course prevented. 

The problem of distilled-water toxicity is interesting in itself and it has 
received much attention (see, for example: Livingston, 16; Scarth, 23; 
Mevius, 22), but the results of an investigation of any particular lot of 
water can refer only to that lot, because of the great difficulty and uncer- 
tainty of securing different lots that are alike as to impurities. The im- 
portance of this problem practically vanishes, however, when a good 
nutrient solution is employed as reference basis in studies on nutrition, 
toxicity and the like. Many workers have noted that very low concentra- 
tions of impurities such as may occur in fairly good distilled water exert 
no observable influences on most organisms when the essential nutrient sub- 
stances are present in suitably balanced concentrations. With these con- 
siderations in mind it was decided to employ modified nutrient solution for 
the main part of this study. Only one series of tests with solutions that 
did not contain the three nutrient salts is reported. 

Results 

General statements 

The main results of this study will be presented in the five following 
subsections. As has been said, they are regularly in the form of percent- 
age indices of primary-root elongation. When the index for a given ex- 
periment is 100 it means that the average elongation in that test was the 
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same as in the corresponding control unit ; indices above 100 indicate stimu- 
lation (greater average elongation than was given by the corresponding 
control unit) and indices below 100 show retardation (less elongation than 
was given by the corresponding control unit). A number of the experi- 
ment solutions were tested twice, in different experiments, and the index 
values given in such instances illustrate the general degree of experimental 
deviation that should be allowed for in each series. Because the different 
concentrations of the added compound in any series of experiment solutions 
form an ascending series of concentrations with relatively small intervals 
or steps, the weight or significance of the index value for any solution is 
to be estimated mainly with reference to the values for other solu- 
tions above and below it in its series. In spite of considerable deviations, 
the percentage indices for each series are remarkably consistent in their 
indications concerning the various degrees to which the rate of primary- 
root elongation was affected by different concentrations or physiological 
intensities of the same compound. 

The main numerical data are presented in tables I, III, IV, V, VI and 
VII, and also graphically in figures 4, 6, 7, 8 and 9. In each of these tables 
the tested concentrations of the added compound are shown in the first 
column, as millionths normal, the percentage indices for the treatment 
period are in the second column and those for the 10-hr. recovery interval 
are in the third. In each figure the two series of values are plotted as ordi- 
nates, with abscissas representing the corresponding concentrations. 
Points for the treatment series are shown as dots and those for the recov- 
ery period are circles. Of the two graphs in each of these figures, the full 
line represents the treatment indices and the broken line represents the 
recovery indices. 

Besides the regular series of experiment solutions for each of the five 
compounds studied, there were two extra series dealing with acetic acid in 
special ways. The results of these will appear below. 

Results with acetic acid 

Acetic acid in standard nutrient solittion. — There were 35 different 
experiment solutions containing acetic acid in addition to the regular nutri- 
ent salts, and the partial concentrations due to the acid ranged from 35 to 
6,652 millionths normal, as shown in table I. In the same table are pre- 
sented the percentage indices of primary-root elongation for the treatment 
period and for the recovery period. The percentage index of growth re- 
tardation is naturally always 100 minus the elongation index; an elonga- 
tion of 90 per cent, means a retardation of 10 per cent. Of course the 
percentage values show much unaccountable fluctuation as one reads either 



TABLE I 

Data fok acetic acid m kutrient soiiXmoN 
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column in the table. The broad-line graphs of figure 4 approximately rep- 
resent the relations in question and the dots indicate the actual data. 



Fig. 4. Graphs showing influence of acetic acid on primary-root elongation. The 
two broad lines represent nutrient solutions to which the acid had been added in irarious 
concentrations, dots and the continuous line being for the treatment period while circles 
and the broken line are for the recovery period; data are from table I. The narrow 
line represents simple solutions of acetic acid in distilled water, for the treatment 
period; data are from table II. 

For the Treatment Period, during which the roots were subject to the 
direct action of the acid in the medium, the continuous broad-line graph 
indicates that the experiment solutions with concentrations of acid below 
about 500 millionths normal gave less root elongation than was given by 
the control nutrient solution without addition of acid. For this concentra- 
tion range ordinates are less than 100 and the greatest retardation is indi- 
cated for an ordinate of about 88, with acid concentration of about 175 
millionths normal. Elongation percentages are shown as less than 90 for 
the concentration range from about 110 to about 260 millionths normal. 
After this minimal region is passed the treatment-period graph bends up- 
ward and the concentration range from about 500 to about 750 millionths 
normal shows percentages little below 100; for these solutions there was 
little or no retardation of growth, and no stimulation is indicated. The 
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graph then slopes rapidly downward and becomes nearly rectilinear be- 
tween ordinates of 90 and 30, corresponding to acid concentrations of about 
880 and about 1,520 millionths normal, respectively. For this range 
growth retardation appears to have increased by 1 per cent, for each acid- 
concentration increase of about 10 millionths normal. The slope then 
gradually decreases and the graph again becomes a nearly straight line, but 
now nearly parallel with the x axis, beyond the point for a concentration 
of 3,000 millionths normal, at which point the ordinate is about 10. 

Turning to the Recovery Graph, the broken line of figure 4, which rep- 
resents the after effect of the acid treatment for the first 10 hr. after treat- 
ment had ceased with the return of the seedlings to standard nutrient 
solution, a pronounced stimulation of growth is indicated for the acid-con- 
centration range below about 920 millionths normal. This stimulation 
amounts to 10 per cent, or more for the seedlings treated with acid solu- 
tions having concentrations between about 300 and about 750 millionths 
normal. For treatments with acid solutions more concentrated than about 
920 millionths normal the recovery index decreases regularly, as indicated 
by a nearly straight line, until the treatment concentration of the 
acid reaches about 1,750 millionths normal and the percentage index at- 
tains the low value of 10. For this range of acid concentrations, from 
about 920 to about 1,750 millionths normal, the slope of the graph indicates 
an increase in retardation, or a decrease in relative elongation, of 1 per 
cent, for each increase in concentration of about 8 millionths normal. Be- 
yond the ordinate 10 the graph continues to slope downward with concen- 
trations still higher than 1,750 millionths normal, but at a decreasing rate, 
and the x axis is apparently reached with a concentration of about 2,120 
millionths normal. This means that previous treatment with an experi- 
ment solution having an acid concentration of about 2,120 millionths nor- 
mal, or higher, had so injured the primary roots that they failed to elon- 
gate at all in the 10-hr. recovery period. All these general indications are 
of course only approximations, but the actual data are shown by the cir- 
cles of figure 4. 

It is interesting to observe that the two broad-line graphs of figure 4 
intersect at about the point for 1,575 millionths normal acid concentration 
and an elongation index of about 27, which means that treatment with an 
experiment solution having this concentration of acetic acid produced a 
direct effect amounting to a growth retardation of 73 per cent, and that its 
after effect, as here measured, was numerically about the same. However, 
the two graphs are close together throughout the range of concentrations 
from about 1,000 to about 1,500 millionths normal and it is probably safe 
to consider the direct toxicity and the after effect as about alike for this 
concentration range. 
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It is obvious that the exact shapes of these two broad-line graphs of 
figure 4 may be quantitatively more or less in error, especially in the re- 
gions representing the double reversal and the occurrence of after-effect 
stimulation. The evidence for these features should be regarded as tenta- 
tive until more extensive experimentation may be carried out on the growth 
behavior of this kind of roots in comparatively low concentrations of acetic 
acid in nutri^t solution. At any rate, a reliable picture of what was actu- 
ally observed in the present brief study is given by these graphs and their 
dots and circles. 

Acetic acid in distilled water. — ^Nineteen different concentrations of 
acetic acid without the three nutrient salts were tested with control units 
in distilled water. These concentrations ranged from 19 to 3,629 millionths 
normal, as shown in the first column of table II. The numerical results of 
this series of tests are shown for the treatment period in the second column 
of the same table, and by tlie narrow-line graph of figure 4. To avoid con- 


TABLE II 

Data por acetic acid in distilled water, por treatment period 


Concen- 
tration 
op acid 

Relative average 

ELONGATION (PERCENT- 
AGE OP CORRESPOND- 
ING CONTROL AVERAGE 
POR DISTILLED WATER) 

Concen- 

tration 

OP ACID 

Relative average 

ELONGATION (PERCENT- 
AGE OP CORRESPOND- 
ING CONTROL AVERAGE 
POR DISTILLED WATER) 

millionths 

normal 

19 

per cent, 

133 

millionths 

normal 

907 

per cent, 

40 

38 

f 121 
\ 82 

1,210 

(32 

1 6 

76 

( 121 

1 98 

1,512 

24 

151 

115 

1,814 

21 

227 

102 

2,117 

15 

302 

90 

2,419 

{’? 

454 

C 72 

151 

2,722 

{!§ 

605 

C60 

132 

3,024 

0 

756 

57 

3,175 

0 



3,629 

i 
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fusion the actual points of observation for this graph are not shown. That 
there were large deviations for the least concentrated solutions is clear from 
the table. 

On the narrow-line graph of figure 4 a pronounced after-effect stimu- 
lation is indicated for a range of acid concentrations below about 250 mil- 
lionths normal and no elongation occurred with solutions more concentrated 
than 3,100 millionths normal. Beyond the stimulation range acetic acid 
appears to have been more toxic when used alone in the treatment period 
than when accompanied by the three nutrient salts. This supports the 
generalization that the poisonous action of a solute may be greatly retarded 
or prevented through concomitant action of nutrient salts or other sub- 
stances in the same solution. 

As has been mentioned, the control seedlings that had been in distilled 
water alone during the treatment period failed to show any root elongation 
in the recovery period, having been seriously injured by the treatment. 
Those that had been in simple solutions of acetic acid during the treatment 
period also failed to show elongation of the primary roots in the 10-hr. 
recovery period, as would be expected. In the next four days, however, 
the seedlings from distilled water and those from acetic-acid solutions with 
concentrations below about 1,512 millionths normal all developed secondary 
roots, showing that the entire root had not been killed either by the dis- 
tilled-water treatment or by treatment with the less concentrated simple 
solutions of this acid. 

Acetic acid at continuously increasing concentration in flowing 
NUTRIENT SOLUTION. — ^In two like experiments of a preliminary nature a 
seedling root was measured with a horizontal microscope every 15 minutes 
for 9.25 hr., while a continuously changing experiment solution containing 
acetic acid and the nutrient salts flowed around and past it at a rate of 
about 36 ml. per hour. Only one standard seedling was used in each ex- 
periment, mounted in the usual manner but in a 50-ml. test tube. The 
parafiSned cork bearing the seedling had two extra perforations, for inlet 
tube and outlet tube, and the waste solution dripped into a graduated cyl- 
inder by means of which the rate of flow was ascertained from time to time. 
The inlet extended nearly to the bottom of the test tube and the outlet 
reached only slightly below the upper surface of the cork. 

Standard nutrient solution and the same solution to which acetic acid 
had been added so as to have an acid concentration of 3,024 millionths nor- 
mal were brought together at the requisite calculated rates from two 50-ml. 
burettes. The resulting mixture then passed slowly through two glass mix- 
ing chambers before being discharged into the culture tube. A very 
thorough mixing of the two solutions was thus secured and also a very 
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gradlial change in the acid concentration of the slow stream through the 
culture tube. The rate of flow through the culture tube was kept nearly 
constant but the flow of acid solution into the mixer was regulated by hand, 
so that the acid concentration of the mixed solution increased gradually 
from 0 to about 8,024 millionths normal. These two experiments were per- 
formed in the experiment room but the temperature was higher than usual 
(about 23°) because of a continuously glowing electric lamp and the con- 
tinuous presence of the operator. 

In the beginning the apparatus was filled with standard nutrient solu- 
tion and several microscopic measurements were made to ascertain the rate 
at which elongation was taking place in that solution. The average from 
these preliminary measurements was taken as the basis for computing the 
percentage increments for succeeding 15-minute intervals after the flowing 
solution began to change. At the end of the experiment the root was sur- 
rounded by a solution containing the nutrient salts just as at the start 
but with the addition of acetic acid at a concentration closely approaching 
3,024 millionths normal. 



Fie. 5. Graphs showing the march of primary-root elongation in a continuously 
flowing solution with gradually increasing concentration of acetic add but with the con- 
centrations of the three nutrient salts maintained as in standard nutrient solution. The 
step graphs represent separate experiments and the curve represents a combination of 
the two. 
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The numerical results of these two special experiments are shown 
graphically in figure 5, where abscissas represent time and ordinates are 
the elongation percentages. Each percentage value is plotted as at the end 
of its 15-minute interval, the points for one series being dots and for the 
other circles. The curve shows the general trend indicated by these two 
sets of points. 

As is readily seen, these two experiments were not in agreement as to 
details, especially for the first four hours, but they agree in indicat- 
ing marked stimulation at first (with very low acid concentrations) and 
increasing retardation afterwards (as the acid concentration in the flowing 
solution increased). The generalized curve resembles the graphs of figure 
4 in some respects but differs from them in others. The four graphs can- 
not be compared in detail, of course, but their combined evidence shows at 
least the possibility of marked stimulation of these roots by acetic acid at 
low concentrations. Whether or not such stimulation was actually shown 
seems to have depended on the technique employed in experimentation. 
Many hypothetical explanations of the differences between these four 
graphs might be elaborated but they need not be presented at this time. 

Results with propionic acid in nutrient solution 

Twenty-eight different experiment solutions were tested with propionic 
acid in addition to the regular nutrient salts. The acid concentrations 
ranged from 30 to 12,090 millionths normal, as shown in the first column 
of table III. In the second and third columns are presented the percent- 
age indices of root elongation for the treatment period and for the recovery 
period. This table is arranged like table I and the two graphs of figure 6 
approximately represent the numerical values as in the case of the broad- 
line graphs of figure 4. 

For the Treatment Period, the continuous-line graph of figure 6 slopes 
rapidly downward from the start, without clear indication of stimulation 
by the solutions of very low acid concentration. It is nearly rectilinear 
for the concentration range from about 250 to about 750 millionths normal, 
its slope in this region representing a decrease in the elongation index from 
about 85 to 30 and a growth retardation of 1 per cent, for each increase in 
acid concentration of about 6 millionths normal. Beyond the point for an 
acid concentration of about 750 millionths normal the slope decreases and 
the graph again becomes nearly rectilinear, and not far from horizontal, 
for the broad concentration range from about 1,500 to about 12,090 mil- 
lionths normal. For this whole region the ordinate decreases from about 
11 to 0. The acid concentration for a growth index of 90 per cent., (that 
is, for a retardation of 10 per cent.) is shown as about 190 millionths 
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TABLE III 

Data foe propionic acid in nutrient solution 

I Belative average elongation expressed as percentage 


Concentration or 

OF corresponding control average 

propionic acid in 

For treatment period 

For recovery period 

nutrient solution 

(nutrient solution 

(nutrient solution 


WITH acid) 

WITHOUT acid) 

milliontha normal 

per cent. 

per cent. 

30 

103.0 

114.0 

40 

92.0 

100.0 

81 

113.0 

94.0 

101 

( 106.0 

128.0 

I 95.0 

104.0 

121 

117.0 

113.0 

161 

83.5 

118.0 

201 

( 102.0 

101.0 

) 91.3 

105.3 

302 

f 82.1 
) 78.0 

68.7 

62.1 

322 

72.7 

42.3 

403 

80.7 

61.0 

504 

64.0 

35.0 

569 ' 

i 45.0 

22.9 

604 

, 46.0 

41.5 

705 

37.0 

22.4 

806 

! 28.6 

4.5 

907 

1 18.6 

6.0 

1,007 

17.6 

17.7 

1,209 1 

14.5 

9.6 

1,417 j 

14.2 

4.7 

1,612 

12.2 

5.8 

1,814 ' 

' 9.8 

6.8 

2,015 

; pi.7 

0.4 


0 

4,030 i 

1 8.9 

2.9 

6,045 

i 8.5 

4.4 

7,254 

5.0 

1.4 

8,060 i 

3.9 

5.8 

9,672 

3.4 

0 

12,090 

0 

0 

1 


normal, and the concentration for an index of 10 per cent, (a retardation 
of 90 per cent.) is about 2,200 millionths normal. 

This treatment-period graph for propionic acid in nutrient solution 
differs from the corresponding graph for acetic acid in that it does not show 
the reversals that characterize the other graph near the start and it does 
not approach the base line so rapidly in its final, nearly horizontal portion. 
The graph for propionic acid is much like that portion of the acetic-acid 
graph which lies beyond the ordinate for a concentration about 600 mil- 
lionths normal. Neglecting the reversals of the acetic-acid graph, we 
might say that acetic acid had very little effect in concentrations below 
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about 600 millionths normal, while propionic acid had a very marked effect 
in the lowest concentrations tested. Altogether, it appears that propionic 
acid was considerably more toxic than acetic acid. 

For the Ten-Hour Recovery Period, represented by the broken line of 
figure 6, a pronounced stimulation is indicated for propionic-acid concen- 
trations below about 200 millionths normal and that concentration appears 
to have had no effect. Beyond this region of stimulation the graph descends 
very rapidly at first and then more and more slowly. The ordinate for an 
elongation index of 10 corresponds to about 1,300 on the scale of abscissas 
and the complete graph meets the base line at the point representing an 
acid concentration of about 9,500 millionths normal. 

This graph resembles the corresponding one for acetic acid but the 
stimulation range for propionic acid is apparently much narrower. This 
supports the supposition that propionic acid was the more active physiologi- 
cally. On the other hand, a much higher concentration of propionic acid 
was required to prevent any root elongation in the 10-hr. recovery period. 
This may suggest that the roots recovered from non-lethal poisoning by 
propionic acid more readily than they did from a like degree of injury 
produced by acetic acid. 



Fig. 6. Graphs showing influence of propionic acid on primary-root elongation. Dots 
and continuous line represent the treatment period while circles and broken 
line represent the recovery period; data are from table III. 
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The two graphs for propionic acid intersect at the point for an acid con- 
centration of about 270 millionths normal and a percentage index of about 
85. Beyond this point they lie close together, the after-effect graph being 
below the other. 

The dots of figure 6 suggest some stimulation in the treatment period 
but the curve does not take this suggestion into account. There seems to 
be no doubt of the occurrence of after-effect stimulation, although the initial 
convex portion of the broken-line graph, representing this stimulation, may 
be somewhat too low or too high. 

Results with normal butyric acid in nutrient solution 

The experiment solutions with normal butyric acid in nutrient solution 
were 26 in number, ranging in acid concentration from 47 to 4,714 millionths 
normal. The data for this series of experiments are presented in table IV 
and in figure 7, arranged as are the data in the corresponding tables and 
figures for acetic acid and propionic acid. 



Fig. 7. Graphs showing influence of normal 'butyric acid on primary-root elongation. 
Dots and continuous line represent treatment period while circles and broken 
line represent recovery period; data are from table IV. 

For the Treatment Periody the continuous-line graph of figure 7 is essen- 
tially like that for propionic acid but it descends somewhat more rapidly. 
There is no suggestion of any butyric-acid stimulation in the treatment 
period. The graph meets the base line at the point for an acid concentre- 
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TABLE IV 

Data for normal butyric acid in nutrient solution 



BeLATIVE AVERAOE ELONGATION EXPRESSED AS PERCENTAGE 

Concentration 

or CORRESPONDING CONTROL AVERAGE 

OP N. butyric acid in 

For treatment period 

For recovery period 

NUTRIENT SOLUTION 

(nutrient solution 

(nutrient solution 


with acid) 

without acid) 

millionths normal 

per cent. 

per cent. 

47 

96.0 

96.2 

71 

96.3 

114.0 

94 

95.1 

98.8 

106 

78.0 

85.0 

118 

69.4 

83.0 

189 

62.2 

41.8 

236 

52.0 

38.6 

353 

41.9 

23.9 

471 

33.3 

15.1 

599 

( 32.8 

1 25.8 

20.0 

10.1 

648 

23.6 

10.7 

707 

22.6 

10.8 

825 

15.1 

8.6 

943 

f 20.1 
) 15.5 

6.2 

6.4 

1,061 

13.6 

3.2 

1,178 

( 19.3 
( 14.7 

0 

3.1 

1,296 

13.2 

1.1 

1,414 

J 15.2 

4.1 

( 14.0 

0 

1,532 

12.4 

5.4 

1,650 

8.9 

5.6 

1,885 

11.5 

0 

2,357 

6.7 

0 

2,593 

7.8 

0 

2,828 

( 9.9 
) 6.7 

0 

0 

3,535 

0.7 

0.6 

4,714 

0.8 

3.1 


tion of about 4,000 millionths normal. Butyric acid consequently seems 
to have been more toxic than propionic acid. The concentration for an 
elongation index of 90 is shown as about 30 millionths normal and that for 
an index of 10 appears as about 2,000 millionths normal. 

For the lO-Hour Recovery Period, the graph for butyric acid would be 
nearly like the corresponding one for propionic acid if the latter were moved 
a little to the left. The broken-line curve is drawn to indicate stimulation 
for a very narrow range of the low^est concentrations (below about 85 mil- 
lionths normal) but this is really no more than a suggestion, for the evi- 
dence therefor is just the single percentage value for the concentration 71 
millionths normal. 
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This butyric>acid graph reaches the base line at the point for a concen- 
tration of about 2,080 millionths normal. Both of these butyric-acid 
graphs, when compared with the corresponding ones for propionic acid^ 
indicate that butyric acid was somewhat more active physiologically than 
was the other acid. 

The two graphs of figure 7 intersect at the point representing an acid 
concentration of about 150 millionths normal and a percentage index of 
elongation of about 69. 

Results with suli»huric acid in nutrient solution 

Eighteen different concentrations of sulphuric acid were tested in stand- 
ard nutrient solution, ranging from 43 to 2,583 millionths normal. The 
results are shown in table V and figure 8. 

TABLE V 

Data for sulphuric acid in nutrient solution 


Concentration of 

SULPHURIC ACID IN 
NUTRIENT solution 

EeLATIVE average elongation expressed as PERCENTAGE 

OP corresponding control average 

Tor treatment period 
(nutrient solution 
with acid) 

For recovery period 
(nutrient solution 
without acid) 

miUionihs normal 

per cent. 

per cent. 

43 

99.0 

115.0 

65 

98.3 

113.0 

108 

94.5 

90.0 

172 

90.9 

99.0 

215 

90.0 

83.8 

323 

84.0 

64.8 

430 

74,5 

57.6 

495 

64.7 

42.8 

538 

59.1 

49.0 

646 

29.7 

29.6 

753 

18.1 

5.1 

861 

11.3 

1.5 

1,076 

7.6 

5.1 

1,292 

7.6 

2.0 

1,477 

2.9 

5.1 

1,722 

2.5 

0 

2,152 

1.1 

0 

2,583 

0 

5.1 


For the Treatment Period, the sulphuric-acid graph (continuous-line of 
figure 8) follows the corresponding graph for propionic acid very closely 
in the region of acid concentrations from 0 to about 500 millionths normal. 
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Fig. 8. Graphs showing influence of sulphuric acid on primary-root elongation. Dots 
and continuous line represent treatment period while circles and broken 
line represent recovery period; data are from table V. 

It then descends more rapidly than the one for propionic acid and reaches 
the base line about the point for an acid concentration of 2,120 millionths 
normal. 

For concentrations below about 500 millionths normal the toxicity of 
this mineral acid appears to have been about like that of propionic acid 
and for higher concentrations sulphuric acid was apparently considerably 
more toxic than either of the organic acids tested. For an elongation per- 
centage of 90 the concentration of sulphuric acid is shown as about 210 
millionths normal and for a percentage of 10 (a retardation of 90 per cent.) 
it appears to have been about 950 millionths normal. There is no sugges- 
tion of any stimulation by sulphuric acid in the treatment period. 

For the Ten-Hour Recovery Period, the graph for sulphuric acid (the 
broken line of figure 8) is drawn to indicate stimulation for a narrow range 
of low acid concentrations, very much as are the corresponding graphs for 
propionic acid and butyric acid. But actual evidence for stimulation is 
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not more significant here than in the corresponding case of normal butyric 
acid (observe the circles at the extreme left). We should say that after- 
effect stimulation by sulphuric acid is no more than suggested by the data. 

Beyond the region of suggested stimulation the graph for sulphuric acid 
closely follows the corresponding one for propionic acid as far as the point 
representing a concentration of about 500 millionths normal and an elonga- 
tion index of about 39. Prom that point onward it descends more rapidly 
than the corresponding propionic-acid graph and meets the base line at a 
point for a concentration of about 1,430 millionths normal. In this re- 
spect it is similar to the recovery graphs for both acetic acid and normal 
butyric acid. 

The two graphs of figure 8 intersect at the point representing an acid 
concentration of about 150 millionths normal and a percentage index of 
elongation of about 93. 

Eesults with potassium acetate in nutrient solution 

Nineteen different concentrations of potassium acetate in standard 
nutrient solution were tested, ranging from 228 to 15,230 millionths nor- 
mal. The results of these tests are shown in table VI and figure 9. 

For the Treatment Period, the acetate graph (the continuous line of 
figure 9) shows no stimulation and the toxicity of this compound appears 
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Fio. 9. Graphs showing influence of •potassiv/m acetate on primary-root elongation. 
Dots and continuous line represent treatment period while circles and broken 
line represent recovery period; data are from table VI. 
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to have been proportional to its concentration from 0 to about 7,500 mil- 
lionths normal, with some deforease in slope indicated for still higher con- 
centrations. For the concentration range just mentioned the elongation 
index appears to decrease 1 per cen^. for an increase in concentration of 
about 105 millionths normal. As might be expected, the toxicity of the 
acetate is clearly very different in its concentration relations from the tox- 
icity of any of the acids tested. The concentration giving a growth index 
of 90 was about 840 millionths normal. The highest concentration in the 
series (15,230 millionths normal) was not high enough to inhibit root elon- 
gation in the treatment period, for it gave an average percentage index of 
10 . 6 . 


TABLE VI 


Data tor potassium acetate in nutrient solution 


Concentration of 

Relative average elongation expressed as percentage 

OF corresponding control average 

acetate in nutrient 
solution 

For treatment period 
(nutrient solution 
WITH acetate) 

For recovery period 
(nutrient solution 
without acetate) 

millionths normal 

per cent. 

per cent. 

228 

99.7 

100.0 

318 

95.4 

303.0 

457 

89.8 

100.0 

685 

89.5 

314.0 

914 

92.0 

111.0 

1,272 

94.1 

314.0 

1,599 

78.5 

111.0 

1,908 

81.0 

139.0 

2,385 j 

1 73.0 

121.0 

2,862 

57.3 

125.0 

3,180 

69.3 j 

113.0 

3,339 

59.4 

110.0 

3,498 

61.0 

314.0 

3,816 

58.0 

108.0 

4,770 

51.2 

90.7 

6,360 

36.3 

88.0 

7,615 

26.7 

57.5 

10,660 

17.8 

38.2 

15,230 

10.6 

20.5 


For the Ten-Hour Recovery Period, the acetate graph (the broken line of 
fig. 9) shows pronounced stimulation, but it differs markedly from 
the others in that the range of concentrations that gave stimulation in thin 
instance is very broad, extending from about 0 to about 4,500 millionths 
normal. It is specially notable that two solutions as different as the stand- 
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ard nutrient solution and the one containing the acetate at the relatively 
high concentration just mentioned should have been alike physiologically, 
as far as the average growth index indicates; both of them are shown as 
giving standard growth, with index of 100. Between these two limits of 
the stimulation range the graph is approximately symmetrical and the 
range from about 1,900 to about 2,900 millionths normal is shown as giving 
maximal stimulations of about 20 per cent. For acetate concentrations 
above the stimulation range the recovery graph descends as a nearly 
straight line with a slope slightly more rapid than that of the treatment 
graph. The highest acetate concentration tested gave an average elonga- 
tion index of 20.5 for the recovery period; that is, a retardation of only 
about 80 per cent. 

In spite of some considerable deviations the dots and circles of figure 
9 show that the shapes of the two graphs are not far from correct, for the 
data at hand, and there seems to be no room for doubt that, while absence 
of stimulation characterized the treatment period, stimulation was clear 
and definite for the recovery period. Of course the critical concentration 
values mentioned above are intended to be only fairly approximate. 

Assembled graphs for all series based on standard 

NUTRIENT SOLUTION 

The graphs for all five series of modified nutrient solutions are collected 
in figures 10 and 11 for ready comparison. These are simply reproduc- 



Fio. 10. Graphs showing influence of the flve compounds studied, for the treatment 
period. Here are brought together the continuous-line graphs of 
figures 4, 6, 7, 8 and 9. 
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Fig. 11. Graphs showing after eftects of the five compounds studied, as shown in 10 -hr. 
recovery period. Here are brought together the broken-line graphs 
of figures 4, 6, 7, 8 and 9. 

tions of the graphs of figures 4, 6, 7, 8 and 9 and they need no special ex- 
planations. Figure 10 represents direct effect, in treatment period, and 
figure 11 represents after effect, in recovery period. 

Comparative toxicities of the five compounds studied 

Concentrations showing growth retardation of 50 and of 90 per 
CENT. IN the treatment PERIOD. — ^In Order to secure some simple numeri- 
cal values to represent the relative toxicities of the five compounds studied 
we may consider the concentrations corresponding to growth retardations 
of 50 and 90 per cent, in the treatment period and each toxicity index may 
be expressed in terms of the reciprocal of the corresponding concentration 
for acetic acid taken as unity. The results of these computations are 
shown on page 429. Scales of toxicity more or less different from this 
would of course result if the comparisons were made with respect to other 
degrees of growth retardation. 

Time relations of toxicity and stimulation. — ^As has been shown, the 
rate of primary-root elongation decreased gradually following the placing 
of standard seedlings in distilled water, while those kept in standard nutri- 
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Compounda added to nutrient solution 

Belative toxicities (for treatment 
period) of modified nutrient 
solutions giving 

Growth retarda- 
tion of 50 
per cent. 

Growth retarda- 
tion of 90 
per cent. 

Acetic acid (CH,COOH) 

1.00 

1.00 

Propionic acid (CH,CH,COOH) 

2.34 

1.50 

Normal butyric acid (CH,CH,CH,COOH) 

4.59 

1.71 

Sulphuric acid (HaS 04 ) 

2.34 

3.16 

Potassium acetate (CH,GOOK) 

0.27 

0.20 


ent solution maintained an approximately uniform rate of elongation 
throughout the whole experiment period, including both the treatment 
period (about 20 hr.) and the recovery period (about 10 hr.). For the 
126 experiment solutions tested, growth increments were measured only 
for the treatment period and for the recovery period. No information is 
available as to how the rate of root elongation may have changed in either 
one of these observation intervals, but it was surely not generally main- 
tained throughout either interval, excepting in the nutrient-solution con- 
trols and in the tests that gave the percentage index of about 100. The 
roots were elongating at the rate of about 1 mm. per hour when 
they were placed in the experiment solutions and all of the solutions 
containing the nutrient salts showed a growth retardation for the treatment 
period. This retardation may have come on gradually, somewhat as is 
shown for standard seedlings transferred from nutrient solution to distilled 
water. It is possible, however, that growth rates may have been acceler- 
ated in the first part of the treatment period and then sufficiently retarded 
in the latter part to show retardation for the period taken as a whole. If 
the regular treatment period had been shorter than it was and of the right 
length, treatment stimulation might have been shown for the weakest solu- 
tions of every series. This is suggested by the pronounced after-effect 
stimulation shown or suggested for all of the compounds tested and by the 
marked temporary stimulation shown at the beginning in the experiments 
with gradually increasing concentrations of acetic acid. 

If temporary stimulation may have occurred with some solutions at 
the beginning of the treatment period, to be obliterated in the records by 
subsequent retardation before the end of the period, it is equally possible 
that a first retarding influence may have been followed either by a decrease 
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in retardation (possibly amounting to stimulation) or by an increase. 
Such a progressive increase in growth retardation as time went on was 
shown for roots in the distilled-water controls. Kahlenberg and True 
and other experimenters have pointed out that a somewhat toxic solution — 
or other injurious but non-lethal environmental complex — ^may, in some 
instances at least, produce injury only in the early part of the exposure 
period, the organism eventually recovering or becoming acclimated to con- 
ditions that were temporarily injurious at the beginning of the exposure. 
Thus a root might at length grow well in a solution that at first exerted a 
pronounced retarding influence. 

From these and other considerations it is clear that the time factor 
needs to be taken into account in the interpretation of the results of such 
a study as this and it is to be borne in mind that this important factor was 
among the influential background conditions of the main series of experi- 
ments here reported. To test these suggested possibilities would of course 
require much more extensive and elaborate experimentation than was 
planned for the present study. 

The possibility op synergistic effects. — It has been shown that the 
three nutrient salts exerted a pronounced influence on the apparent physio- 
logical influence of acetic acid, for the acetic-acid series with these salts 
gave results for the treatment period very different from those given by 
the corresponding series without the salts (compare broad-line graph with 
the narrow-line graph of figure 4). It may be supposed that similar effects 
of the nutrient salts may be involved in the results secured with the other 
added compounds. In comparing the toxic and stimulating influences 
shown in this paper the presence of the nutrient salts in the specified pro- 
portions and total salt concentration needs, of course, to be borne in mind. 
This suggestion involves the possibility of synergistic influences exerted by 
the many kinds of molecules and ions in these experiment solutions. It will 
be superficially considered in the section on hydrogen-ion influences. 

Relations between direct effects (treatment period) and after 
effects (recovery period). — ^Although the records for the treatment 
period generally fail to show direct stimulation for any of the series of 
solutions containing the nutrient salts, the recovery graphs for these series 
all agree in showing or at least suggesting after-effect stimulation, which 
is of course confined to the lower concentrations of the added compounds, 
acting in the treatment period. The concentration limits below which 
some after-effect stimulation in the recovery period is indicated are approxi- 
mately as follows : — 

Acetic acid 920 millionths normal. 

Propionic acid 210 millionths normal. 
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Normal butyric acid 100 millionths normal (f) 

Sulphuric acid 110 millionths normal (?) 

Potassium acetate 4,470 millionths normal. 

(The interrogation points in parentheses recall the observations already 
made, that the experimental data are of low significance with respect to 
after-effect stimulation by normal butyric acid and sulphuric acid. While 
there is uncertainty as to its degree, after-effect stimulation appears to be 
clearly shown by the actual data for acetic acid, propionic acid and potas- 
sium acetate.) 

S^or solutions having about these critical concentrations of the respective 
compounds no effect at all is shown for the recovery period but these solu- 
tions are all shown to produce growth retardation in the treatment period, 
as is also true of the less concentrated solutions that gave after-effect stimu- 
lation. This means that direct retardation in the treatment period might 
be followed in the recovery period by either stimulation, absence of effect 
or retardation, according to the treatment concentration. For all the 
regular experiment solutions excepting the critical ones approximately 
specified above, the treated seedlings were apparently altered physiolog- 
ically to such a degree that in the 10 hr. following cessation of treatment 
their roots elongated either more or less rapidly than did the roots of the 
control seedlings, which had been in standard nutrient solution through- 
out the treatment period. Considering the solutions that are shown as 
toxic in the recovery period, their after-effect retardation might be either 
less than, greater than, or equal to the retardation produced directly while 
they were in contact with the roots. For the four acids tested, the con- 
centrations that show equal growth indices for the two periods are given 
below, along with their respective growdh indices. 



Approximate 
concentration 
(millionths normal) 

Growth index 

Acetic acid . 

1,575 

27 

Propionic acid 

270 

85 

Normal butyric acid 

150 

69 

Sulphuric acid 

150 

93 


Finally, we may compare the acid concentrations that are shown as just 
inhibiting primary-root elongation in the two periods, as shown on page 432. 
It is seen that this limiting concentration is in every case much lower for 
the recovery period than for the treatment period. For example, to pre- 
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• 

Approximate concentration in experi- 
ment solution just preventing 
root elongation 



In treatment 
period 

In recovery 
period 

Acetic acid .. 



6,650 

2,120 

Propionic acid . . . ’ 


12,090 

9,500 

Normal butyric acid 

.. .. 

4,060 

2,080 

Sulphuric acid 

... 

2,120 

1,430 


vent any measurable growth in the treatment period apparently required 
an acetic-acid concentration of about 6,650 millionths normal, but treat- 
ment with this acid at a concentration of only about 2,120 millionths normal 
is shown as preventing root elongation in the period following the cessation 
of treatment. Concentrations of this acid between these two limits appar- 
ently permitted more or less root elongation in the earlier portion of the 
treatment period but killed the elongating region of the root by the end 
of the period, or at least rendered it incapable of any elongation in the next 
10 hr. following its return to standard nutrient solution. Similar state- 
ments apply to the other acids. 

A kind of after-effect stimulation apparently somewhat similar to what 
was encountered in the present study has been described by Hildebbandt 
and Boyce (11) for alcohol production by yeast in the fermentation of 
cane molasses. These authors tested MnSO^, CuSO, and NaCN and found 
that each of these salts, w'hen present at a suitable concentration in molasses 
solution containing growing yeast, apparently affected the yeast so treated 
in such a manner as to show unusually great alcohol production in an un- 
modified molasses solution that was subsequently inoculated with the 
treated yeast. In some of these instances there had been some stimulation 
in the treatment period (seed-yeast culture, with the added salt) but stimu- 
lation was more pronounced in the recovery period (principal fermentation 
stage). In other instances, notably with MnSOi, seed yeast that had been 
markedly retarded by the salt in the seed-culture produced considerably 
more alcohol after transfer to the principal fermentation (without the salt) 
than was produced in the control, which had been seeded with untreated 
yeast. The salt treatment apparently altered the seed yeast so that its 
offspring in the second stage was much more vigorous than the poisoned 
seed culture had been and also more vigorous than the offspring of ordinary 
seed cultures. 
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Relations between physiological influence and 
hydrogen-*ion concentration 

The general probusm op ion and molecule 
CONCENTRATIONS 

The many modified nutrient solutions tested in this study differed pri- 
marily with respect to the added compounds and their concentrations. 
Prom the viewpoint of physical chemistry their main effective differences 
cannot be satisfactorily described without reference to their respective 
concentrations of ions and of undissociated molecules. A large proportion 
of the solute material in any of these solutions must have been dissociated, 
and a little of the solvent water also. According to the dissociation theory 
we suppose that the standard nutrient solution itself contained the follow- 
ing kinds of molecules and ions, besides those that may have arisen from 
interaction of the nutrient salts among themselves and with the experi- 
ment compounds (if there were any such), and also any small traces of 
other kinds due to impurities that may have been present in the distilled 
water or in the salts used : — 

Molecules of a Oa(NOa)2 and the ions Ca"*^* and NO,- resulting from their dissociation. 

Molecules of KHaPO, and the ions K*, HaPOr, HPO*-, H+, and PO4- resulting from 
their dissociation. 

Molecules of MgS04 and the ions Mg'^'^ and 804- resulting from their dissociation. 

Molecules of HjO and the ions and OH* resulting from their dissociation. 

In -each of the four series of experiment solutions consisting of standard 
nutrient solution with an added organic compound there must have been 
present, in addition to these inorganic molecules and ions, one kind 
of organic molecule (t.e., either CH3COOH, CH3COOK, CHgCH^COOH or 
CH3CH2CH2COOH) and also its particular anion (t.6., either CHgCOO", 
CHgCHgCOO’, or CHaCHgCHjCOO"). In the series of solutions contain- 
ing potassium acetate the amount of K was increased above the amount in 
the unmodified nutrient solution. In the series containing sulphuric acid 
the amount of SO4 was increased but no kind of ion was intentionally added 
w^hich was not already present in the solution. 

A thorough analysis of the relations between the observed physiological 
effects and the chemical characteristics of the solutions bringing them 
about would of course have to take into account the actual concentrations 
of all the kinds of particles present — ^both the undissociated molecules and 
their ions. But that kind of analysis of such complicated chemical systems 
as those here dealt with is practically impossible at present. On the basis 
of certain assumptions and by means of published tables of apparent 
ionization percentages in simple solutions of the substances considered, the 
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molecular and ionic concentrations of these solutions may be calculated 
with some degree of probability, but the necessary considerations are com- 
plicated by the interrelations betw^een the several compounds in the same 
solution. 

Comparisons of the five series of solutions with respect to 
TOXICITY, pH value and concentration of added compound 

For such complex aqueous solutions as these the only ion concentrations 
that now lend themselves to ready estimation by direct measurement are 
those of hydrogen ions and hydroxyl ions. These are of course interde- 
pendent, the product of their concentrations being a constant. Table VII 
shows, for the treatment period, the relations of growth retardation (the 
difference between growth index and 100) to concentration of the added 
compound and to pH value, for each series of solutions. These values were 
read from the smooth graphs of figures 1 and 10. Opposite each retarda- 
tion percentage shown in the first column one may read in the other col- 
umns the corresponding approximate concentration and pH value for each 
of the five different series of solutions. It is to be remembered that the 
growth index of 100 always represents the standard nutrient solution, with 
a pH value of 4.4, and that all these data refer to the treatment period of 
the experiments, not to the recovery period. This arrangement shows how, 
for any degree of grow^th retardation, the concentration of the added com- 
pound and the pH value of the experiment solution varied from series to 
series. The concentrations shown for any given degree of toxicity are gen- 
erally different for different compounds, although there is fairly close 
agreement between propionic acid and sulphuric acid excepting for the 
greatest retardations or lowest growth indices. The five series of pH values 
given in table VII are shown graphically in figure 12, wiiere the growth 
indices are plotted as ordinates and abscissas represent pH values. There 
is a separate graph for each series of solutions. 

We may conveniently consider toxicity as measured, for the given con- 
ditions, by the corresponding percentage of growth retardation. Solu- 
tions without toxicity show a retardation percentage of 0 and a growth in- 
dex of 100, and those with the highest degree of toxicity show a retardation 
percentage of 100 and a growth index of 0. Of course the standard 
liutrient solution (with zero concentration of added compound and pH 
value of 4.4) is considered as showing no retardation and is the basis for 
comparison. 

The series for propionic acid and normal butyric acid agree in showing 
high degrees of toxicity (up to a retardation of 80 per cent.) without any 
significant alteration in pH value due to the added compound. For these 
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While this critical concentration differs markedly for these acids the 
corresponding pH values are relatively not very different and all three are 
between 0.19 and 0.34 below the pH value for standard nutrient solution. 
On the other hand, a growth retardation of 50 per cent, corresponds to the 
following concentrations and pH values: — 




Concentration 
(millionths normal) 

pH 

Acetic acid 



1,285 

4.34 

Propionic acid 


550 

4.40 

Normal butyric acid 



280 

4.40 


For this degree of retardation the last two of the acid solutions show the 
same pH value as the standard nutrient solution, while the first shows a 
pH value only 0.06 below that of the standard solution. If we consider 
toxicity as proportional to the reciprocal of the acid concentration corre- 
sponding to a growth retardation of 50 per cent, the relative toxicities of 
these three acids are: acetic acid, 1.0; propionic acid, 2.3; normal butyric 
acid, 4.6. It is remarkable that the least toxic of the three (acetic acid) is 
the one showing 4.34 as its critical pH3 value for a retardation of 50 per 
cent. 

If the growth indices for the first 10 hr. after the treated roots were 
returned to nutrient solution are compared with the corresponding pH 
values of the treatment solutions the lack of any general and direct relation 
between after effect and pH value is very obvious. Those comparisons 
need not be discussed here but it may be mentioned that the after-effect 
stimulations indicated for at least three series of solutions would greatly 
complicate any attempted analysis of the relations between physiological 
action in the recovery period and hydrogen-ion concentration in the treat- 
ment period. 

It seems clear that the toxicities of these three fatty acids cannot be 
estimated by reference to pH value alone. The view that the toxic prop- 
erties of organic acids are mainly due to undissociated molecules rather 
than to ions was expressed by J. F. Clark (3), who experimented with fila- 
mentous fungi. He found that acetic acid was about twice as toxic as sul- 
phuric acid, although the former was only 1 per cent, dissociated and the 
latter was 90 per cent, dissociated in the solutions in question. The results 
of the present study on root elongation lead to a similar conclusion. Mary 
E. Collett (6), working with Paramoecium and Euplotes, reached the con- 
clusion that organic-acid molecules were the agents of the toxic action of 
these acids in her solutions. In reporting experiments on the fungus 



COGOESHALL: EU)NGATION OF ROOTS 


439 


Sclerotinia cinerea^ Dunn ( 8 ) regarded hydrogen-ion concmtration as the 
principal toxicity factor for the common mineral acids but considered the 
undissociated molecules as of chief importance for the toxicity of the fatty 
acids. Uppal (32) reached the same conclusion from a study on the germi*^ 
nation of spores of the fungus Phytophthora. The results of the present 
study seem to furnish additional evidence in favor of the conclusions of 
Dunn and Uppal. 

Summary 

This paper reports the main results of an experimental study on the 
influence exerted by acetic acid, propionic acid, normal butyric acid, sul- 
phuric acid and potassium acetate upon the elongation of primary roots of 
young seedlings of white lupine {Lupinus albu$ L.). The experimenta- 
tion was carried on at the Laboratory of Plant Physiology of the Johns 
Hopkins University in 1929-30. 

The seedlings used were all very nearly alike, having been selected from 
lots that had been grown from selected seeds under specified conditions. 
Their primary roots were about 30 mm. long and their hypocotyls were 
about 10 mm. long. At the beginning of each experiment 15 standard seed- 
lings were transferred from preliminary culture in standard nutrient solu- 
tion to as many separate tubes of one of the experiment solutions, where 
they remained for a treatment period of about 20 hr. For control units 
the tubes contained standard nutrient solution. At the close of the treat- 
ment period the seedlings were returned to the preliminary-culture jar 
containing standard nutrient solution, for a 10-hr. recovery period at the 
end of which after effects of the treatment were observed. 

The main series of numerical data are the amounts of primary-root elon- 
gation that occurred in the treatment period and in the recovery period. 
These data are always averages from the 15 seedlings of single experiment 
units. They are expressed as relative indices of elongation, the correspond- 
ing average for the control unit always being taken as 100. Acceleration 
of growth (stimulation) is thus indicated by index values above 100, 
growth retardation is shown by values below 100 and index values of 100 
indicate that the experiment solution used had no considerable effect on 
root elongation in the time interval considered. There are two growth in- 
dices for each experiment solution, one showing the direct effect of the solu- 
tion in the treatment period while the other shows any after effect brought 
out in the 10-hr recovery period. 

The standard nutrient solution, which was used generally for controls 
and as basis for the experiment solutions, was a 3-salt solution containing 
Ca(N 03 ) 2 , KH*PO, and MgSO^, in molar concentrations of 0.0050, 0.0069 
and 0.0094, respectively. With the specified standard technique the rate 
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of elongation of roots in this solution the average rate for control 
units) was approximately maintained throughout both time intervals, at a 
little more than 1 mm. per hour. Any considerable deviations from this 
rate, in either of the time intervals, must have been due to influences ex- 
erted by the experiment solutions in the treatment period. 

There were five main series of experiment solutions based on standard 
nutrient solution. The salt content was alike for all of these but every 
series differed from each of the remaining four with respect to the nature 
of an additional compound. The many solutions of each series differed 
among themselves only witli respect to concentration of the additional com- 
pound. Thus, for example, the propionic-acid series of experiment solu- 
tions were all standard nutrient solution modified to different degrees by 
the addition of propionic acid to give various concentrations of the acid. 
The concentrations of the additional compound were so chosen in each 
series that the whole concentration range was covered, from zero (standard 
nutrient solution without added compound, in control cultures) to a con- 
centration high enough to prevent root elongation in the treatment period. 

Besides the five main series of modified nutrient solutions there were 
some experiments on simple solutions of acetic acid in distilled water, with 
distilled-water controls. In those instances the experiment solutions were 
like those of the main series excepting that the three nutrient salts of the 
standard nutrient solution were not present. 

The numerical results of this study are set forth by means of tables 
and graphs, which show many interesting relations. For the treatment 
period the modified nutrient solutions generally gave growth retardation, 
which was progressively more pronounced as the concentration of the addi- 
tional compound was higher, until root growth was stopped altogether. Of 
course the degree of toxicity shown by any of these solutions that did not 
stop growth varied with the nature of the additional compound as well as 
with its concentration. 

The acetic-acid series of modified nutrient solutions is an exception to 
this generalization. Although solutions with very low concentrations of 
this compound gave notable retardation, those with somewhat higher con- 
centrations showed practically no effect and those with still higher concen- 
trations showed retardation. In the second range of concentrations 
producing retardation the degree of toxicity was greater as the acid con- 
centration was higher and growth was stopped with the highest concentra- 
tions tested. Consequently, if abscissas represent concentrations of acetic 
acid in modified nutrient solution and ordinates are indices of root elonga- 
tion, the treatment-period graph exhibits two reversals of direction. No 
such reversals appear in the graphs for the other four series of modified 
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nutrient solutions; the other acids and the acetate were generally some- 
what toxic at low concentrations and progressively more toxic at higher 
concentrations until the concentration was high enough to prevent growth* 
There was, however, some suggestion of stimulation by very low propionic- 
acid concentrations in the treatment period* 

The series of simple solutions of acetic acid in distilled water — ^without 
the salts of the nutrient solution — ^was the only series that( surely showed 
stimulation in the treatment period. This is indicated for a narrow range 
of low acid concentrations. Solutions of somew^hat higher concentrations 
produced little or no effect wdiile those of still higher concentrations re- 
tarded grow^th, as in the higher concentration ranges of the other series. 

For the first 10 hr. following the treatment period, after the plantlets 
had been rinsed and returned to standard nutrient solution, the roots that 
had been treated with acetic acid, propionic acid or potassium acetate ex- 
hibited after-effect stimulation for a range of low concentrations of the 
additional compound used in the treatment. Some experiment units w^hose 
seedlings had been treated wuth normal butyric acid or sulphuric acid gave 
average growth indices that indicate after-effect stimulation but the evi- 
dence for this is only suggestive. The recovery-period graphs for all series 
of modified nutrient solution are drawn to indicate a region of stimulation 
at the left, above the 100-line, but the actual data are shown in each in- 
stance. Their general form is like that of the treatment period graph for 
the series of simple solutions of acetic acid. 

Some attention was given to the toxicity of the distilled w^ater used. 
Standard seedlings transferred from nutrient solution to distilled water 
promptly showed growth retardation, w^hich increased as time w'ent on. 
The toxic action of this distilled water was apparently corrected by the 
salts in the standard nutrient solution. 

Roots in fiowung nutrient solution with a gradually increasing addi- 
tional concentration of acetic acid were studied by means of microscopic 
measurements made at short intervals. At first the increasing acid con- 
centration produced increasing stimulation of elongation, then decreasing 
stimulation, then no effect, and finally increasing retardation. 

The toxicities of the five compounds added to standard nutrient solu- 
tion may be compared in various ways. For example, if toxicity is 
measured in terms of the concentration required to produce a growth re- 
tardation of 50 per cent, in the treatment period, the relative toxicities of 
the five compounds may be estimated as showm on page 442, considering the 
toxicity of acetic acid as unity. 

Some what different scales of toxicity would result if these comparisons 
were made with respect to other degrees of growth retardation. In gen- 
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Ooncentration producing re- 
* tardation of 50 per cent. 

Relative 

toxicity 

Acetic acid 

rwillionths normal 

1,285 

1.00 

Propionic acid 

550 

2.34 

Normal butyric acid 

280 

4.59 

Sulphuric acid 

550 

2.34 

Potassium acetate 

44,800 

0.27 


eral it may be said, however, that normal butyric acid was much more toxic 
than either propionic acid or sulphuric acid, that propionic acid and sul- 
phuric acid were about alike in their toxicity and much more toxic than 
acetic acid, and that acetic acid was much more toxic than potassium ace- 
tate, which was the least toxic of all the five compounds studied. For the 
three aliphatic acids toxicity is apparently more pronounced as the num- 
ber of carbon atoms in the molecule is greater. 

Stimulation, as an after-effect occurring in the recovery period, might 
amount to as much as 10 or 20 per cent. It was greatest for potassium 
acetate, somewhat less for acetic acid and still less for propionic acid. It 
was suggested for normal butyric acid and sulphuric acid but the evidence 
for stimulation by these two acids is not in itself very significant, because 
of unexplained deviations in the average growth indices. The concentra- 
tion limit below which after-effect stimulation was shown or suggested dif- 
fered for the different compounds added to standard nutrient solution, as 
set forth below. These values are in terms of millionths normal and the in- 
terrogation points refer to the questionable instances already mentioned. 


Acetic acid 920 

Propionic acid 210 

Normal butyric acid 100(?) 

Sulphuric acid 110 (?) 

Potassium acetate 4,470 


For modified nutrient solutions with about these critical concentrations of 
the respective additional compounds, no effect at all was shown in the re- 
covery period, but these solutions all produced marked growth retardation 
in the treatment period. For modified nutrient solutions with lower con- 
centrations of the additional compounds than those just given, after-effect 
stimulation was generally shown, or was at least suggested, but the direct 
effect (in the treatment period) was more or less pronounced retardation — 
excepting the narrow range of acetic-acid concentrations that produced 
practically no direct effect and the very narrow range of lowest propionic- 
acid concentrations that may have produced some direct stimulation. 
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The five series of experiment solutions with the nutrient salts present 
are compared with respect to hydrogen-ion concentration (expressed as 
pH) as well as with respect to concentrations of the additional compounds 
and physiological effects. With the possible exception of the sulphuric- 
acid series, it appears that the pH value cannot generally be considered as 
an index of toxicity, but it is also indicated that hydrogen-ion concentra- 
tion was markedly influential as one of several or many conditions deter- 
mining the toxicity of the most toxic solutions. Other solution character- 
istics — ^perhaps concentration of anions or of undissociated molecules — 
were apparently predominant in determining toxicity for the lower con- 
centrations of the organic acids. 

Many other interesting relations are shown or suggested by the tables 
and graphs and some of them are discussed. Influence of the time factor 
receives some attention and the possibility of synergistic influences in such 
complex solutions as these is emphasized. 
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LIGHT SOURCES AND LIGHT MEASUREMENTS* 

Hakdt L. Bhiklxt 

Light sources 

Plants have developed since their first appearance upon the earth in the 
earliest geological ages up to the present time under the influence of solar 
radiation. Until now man has failed to develop any artificial source of 
light which is equivalent to sunlight in its effects on plant growth. Hence, 
if we consider plants grown in daylight as normal we must admit that 
plants grown in artificial light are abnormal in some respects. Therefore, 
results of experiments with plants grown in artificial illumination will not, 
in general, be interchangeable with results of similar experiments obtained 
with plants grown in sunlight. Consequently all experiments designed to 
study plant growth as it occurs in natural habitats should make use of sun- 
light if practicable. 

Sun 

Characteristics of the sun as a source of radiant energy are described 
by Abbot ( 3 ). Sunlight varies in daily duration from season to season. 
Its intensity varies from minute to minute with the elevation of the sun 
above the horizon. It varies from second to second in both intensity and 
quality, depending upon the prevalence of clouds, smoke, dust and other 
particles in the atmosphere. The total radiation received at the earth’s 
surface on a cloudy day may be as low as 4 per cent, of that received on a 
bright day during the same season. The magnitude of these variations can 
well be appreciated by a study of Weather Bureau records (KimbaUj 38 , 
39 , 40 and 41 ) and reports of the New York Meteorological Observa- 
tory ( 62 ). 

The spectral energy distribution of many sources of radiation approxi- 
mates very closely that given off by a black body when heated to the ap- 
propriate temperature. To approximate direct radiation from the sun, as 
received at the surface of the earth, a black body would need to be heated 
to about 4,800 to 5,300 degrees absolute. This figure is called the color 
temperature of sunlight. The color temperature of diffuse radiation from 
the sky or skylight may be as high as 24,000 degrees absolute, or expressed 

1 The material for this paper was collected while the writer was working at the 
Boyce Thompson Institute for Plant Besearch at Yonkers, New York. The original 
manuscript was submitted to Prof. J. W. Toumet at Yale TJnirersity to be used as a 
tentative chapter in hie book ‘ ‘ Foundations of Silviculture. ’ ’ The manuscript has been 
revised and enlarged and is presented here as a part of the committee report on physical 
methods to the American Society of Plant Physiologists. 
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differently, about 35 to 50 per cent, of the energy of sunlight is in the visi- 
ble and ultra-violet region, whil^ the energy of skylight is practically all 
in this region (Priest ( 68 ), Coblentz, Dorcas, and Hughes ( 21 ), 
CoBLENTZ and Kahler ( 22 ), Kimball ( 42 ), and Marvin and KiMBAUi 
( 65 )). The color temperature of both sunlight and skylight decreases as 
the sun approaches the horizon. On cloudless days, near noon, skylight 
comprises about 10 to 15 per cent, of total solar radiation. On overcast 
days skylight forms 90 to 100 per cent, of total solar radiation. A passing 
cloud, which obscures the sun, causes a pronounced change in the quality 
of light by increasing the relative importance of skylight. Likewise light 
in the shade of trees and buildings is much bluer than direct sunlight. The 
ever-changing nature of solar radiation, in both intensity and quality, ren- 
ders it entirely unsatisfactory for use in experiments requiring controlled 
light conditions. The chief advantages of sunlight are that it produces a 
more normal form of plant growth than can be produced by any artificial 
light now available, and that it does not have to be purchased at a high 
cost. 

Artificial sources 

The most satisfactory artificial light now available is the ordinary 
Mazda lamp. Mazda lamps are easily obtainable anywhere and are fairly 
uniform in the quality of radiation they emit. The ordinary tungsten fila- 
ment lamp with an unfrosted bulb has about 3 to 4 per cent, of its energy 
in the visible region or a color temperature of about 3,000 degrees absolute, 
(Priest ( 67 ), Coblentz ( 19 ), Coblentz, Dorcas and Hughes ( 21 )), and 
maintains its quality of radiation fairly uniformly up to 1,000 hours use. 
The intensity is not constant but is subject to fairly accurate control. Such 
lamps are the cheapest of all electric lamps and have been used a great deal 
by many investigators. When used to supplement daylight these lamps 
are highly satisfactory and are undoubtedly the best now on the market, 
everything considered. To obtain intensities comparable to those of sun- 
light a' large battery of heavy lamps is required, (Arthur, Guthrie and 
Newell ( 7 ), Davis and Hoagland ( 24 ), Harvey ( 33 , 34 , 35 ), and 
Hendricks and Harvey ( 36 )). The writer ( 78 ) measured an illumina- 
tion of 800 foot candles at a distance of 3.5 feet below two 1,500 watt lamps 
equipped with reflectors. The illumination of sunlight at noon on cloud- 
less days is approximately ten times as high. Not all plants, however, can 
be grown continuously under illumination from tungsten filament lamps 
without injury, due apparently to the low intensity in the blue re- 
gion, (Arthur, Guthrie and Newell ( 7 )). 

The white flame carbon arc gives a light having about 25 per cent, of 
its energy in the visible and ultra-violet region, or a color temperature of 
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about 3,800 degrees absolute. It tends to reduce the injury to plants 
noticed with using the tungsten filament bulbs, if the ultra-violet fiJiorter 
than 290 mjj is screened out by glass filters, (Priest (67), Coblentz, Dor- 
cas and HtTGiiEs (21), Arthur, Guthrie and Newell (7)). These lamps 
are very troublesome to maintain in continuous operation if used without 
a glass cover as the carbons oxidize rapidly, while if used with the glass 
cover the glass soon becomes coated with a white deposit which greatly re- 
duces their efficiency. 

The mercury arc gives a spectrum very rich in blue and ultra-violet. 
If mounted in a glass tube this lamp may be used to supplement the light 
from ordinary incandescent filaments with some success. The spectrum is 
not continuous, however, and when used alone the lamp is of too low inten- 
sity to be of much value in growing plants. The tungsten filament lamp 
has been combined with the mercury arc in the new General Electric Sun 
Lamp described by Luokiesii (62, 63). This lamp is mounted in a special 
glass bulb which transmits a high percentage of ultra-violet out to the limit 
of sunlight, wave length 290 mp. The extreme ultra-violet limit is usually 
at wave length 253.7 mg, at which the output is 0.001 per cent, of the total 
energy radiated. The output at 265.4 mg is 0.029 per cent., Taylor (82), 
Forsythe, Barnes and Easley (26). According to J. M. Arthur (per- 
sonal communication) this lamp will produce typical ultra-violet injury to 
tomato plants in 90 minutes continuous exposure, being somewhat more 
severe than the injury produced by irradiation from a mercury arc 
in quartz through filter (Arthur and Newell (6)). To insure 

against injury a filter absorbing all radiation shorter than 290 mg should 
be placed between this lamp and the plant. The lamp is somewhat more 
efficient in the visible region than the ordinary incandescent lamp but is 
both more expensive and of shorter life. As constructed at present the 
sun-lamp cannot be recommended for general use by the plant worker. 

For* specific investigations in w^hich sources rich in ultra-violet are re- 
quired the mercury arc in quartz may be used, (Coblentz and Kahler 
(22) and Coblentz, Dorcas and Hughes (21)). The iron arc is also rich 
in ultra-violet and presents a more uniform spectrum. Where a continu- 
ous spectrum rich in ultra-violet is required for spectrophotometry the 
under- water spark is more satisfactory, (McNicholas (69)). The neon 
lamp might prove of value for certain specific investigations where inter- 
mittent light of high frequency is desired and w^here low intensities in the 
blue region are not a drawback. 

Combustion lamps, such as gas, gasoline or kerosene, are unacceptable 
for ordinary use in plant investigations because of the danger of the un- 
oxidized gases causing severe injury to the plants. Most of them are low 
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in color temperature and low in intensity. They have been used some in 
the past for special investigations and may find some limited uses in the 
future, (Blackman and Smith (12)), 


Light filters 

For studying the effects of definite ranges of wave lengths on plant 
growth light filters are useful. General information on absorption spectra 
of various dyes and solutions is given by Mees (60) and Uhler and Wood 
(88). Infra-red radiation is quite effectively removed by a one centimeter 
cell filled with a 5 per cent, solution of copper sulphate. Glass filters of 
high purity are manufactured by the Corning Glass Works, but are expen- 
sive. These filters have been used by Popp (66), Sayre (73), Shirley 
(78), Grasovsky (32) and other workers. Transmission curves for these 
and other filters are given by Gibson, McNicholas and Tyndall (30), 
Gage (27) and Jones (37). These filters may also be used with thermo- 
piles and photoelectric cells for measuring definite spectral regions. 


Glasses transmitting ultra-violet 


A number of glasses and glass substitutes for transmitting ultra-violet 
radiation are on the market. Such glasses have been used by plant work- 
ers as filters with the quartz mercury arc and for transmitting the ultra- 
violet of sunlight. Many of the glasses change their transmission with use, 
especially when subjected to the quartz mercury arc. Data on the trans- 
mission of various glasses are given in the following publications : Arthur 
and Newell (6), U. S. Bureau of Standards Circular letter 235 (84), 
CoBLENTZ and Stair (23), Gibson, McNicholas and Tyndall (29). 
These glasses are being recommended by their makers for use in photo- 
therapy and are constantly being changed. Coblentz and Stair (23) list 
them according to transmission at 302 m)j as follows : 


Transmission at 302 mp 
Less than 1 per cent. 
About 25 per cent. 

About 35 to 40 per cent. 
About 45 to 50 per cent. 
About 60 to 65 per cent. 
About 80 to 90 per cent. 


Common window glass, Quartz-lite 
Vita-glass, Sanalux, and Renovic 
Holviglass, Sunlit, and Sendlingers U-V glass 
Helioglass, Uviol-Jena, Neuglas 
Corex-D 

Corex-G981FF® and Quartz glass 


Light measurements 

The methods used in measuring light will vary with the source of light 
used and the specific purpose of the investigation. For measuring ultra- 
violet radiation, lithium or uranium photoelectric cells may be used; for 
measuring visible radiation illuminometers are best suited, while for 
measuring total radiation non-selective radiometers are required. 
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Where a study 6f the effects of specific wave lengths is not the subject 
of an investigation certain general requirements may be laid down for the 
type of the light measuring device to be used. In ecological work and for 
most work in plant physiology a light measuring device should satisfy the 
following requirements : 

1. It should be uniformly sensitive to the visible region of the spectrum. 
Sensitivity to the infra-red is less objectionable than sensitivity confined 
mostly to the blue and violet regions. 

2. It should admit of standardization so that the readings may be ex- 
pressed in units widely understood. 

3. It must cover a range of intensities from 10 to 10,000 foot candles, 
or from 0.001 to 1.3 gram calories per square centimeter per minute. 

4. It should be easy to make the readings and simple to convert them 
to standard units. 

5. It should be rugged enough to withstand handling in the greenhouse 
or field. 

Methods available 

Light is known to us only by its effects. In measuring light we may 
measure one of its several effects. These may be divided into two groups 
depending on whether the effect is selective, that is, confined to certain 
wave lengths only, or whether it is non-selective, occurring uniformly 
throughout the solar spectrum. For convenience in discussion we will con- 
sider the following effects : 

Non-selective 

Heating effects 
Selective 

Electrical effects 
Illuminating effects 
Chemical effects 

Heating effects. — Only those methods which measure the heating 
effects of light are uniformly sensitive to all wave lengths. These are the 
methods which have been adopted as standard by the physicists and as- 
tronomers throughout the world. 

Thermopiles . — If to each end of a short piece of bismuth wire, a piece 
of silver wire is soldered a thermocouple is formed. When one bismuth- 
silver junction is heated above the temperature of the other an electromo- 
tive force is produced which may be detected by connecting the silver wires 
to a galvanometer. The magnitude of the electrical potential produced is 
almost directly proportional to the temperature difference between the 
junctions. Two or more thermocouples connected in series form a thermo- 
pile. Any two dissimilar metals may be used for making a thermopile but 
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certain ones are most useful. Thermopiles are one of the most widely used 
instruments for radiation measurements. 

Kimball and Hobbs (43) designed a pyrheliometer with a thermopile 
as the active element, which has been in use as a standard instrument of 
the United States Weather Bureau since 1923. The hot junctions of the 
thermopile are in thermal contact with a thin copper ring blackened with 
lampblack. The cold junctions are in thermal contact with a surrounding 
concentric ring which is coated with zinc oxide or magnesium oxide. The 
instrument measures the difference in temperature of these two surfaces 
when sunlight falls upon them. This instrument is almost uniformly sen- 
sitive throughout the visible spectrum but has a low^ sensitivity to infra- 
red radiation due to the fact that zinc oxide and magnesium oxide have 
high absorptive capacities for the longer wave lengths. This instrument 
is now being mounted in an electric lamp blank by the Eppley Laboratory 
of Newport, Ehode Island. The instrument is somewhat delicate, requires 
from 1 to 4 minutes to come to equilibrium and gives only a feeble current 
when exposed to radiation intensities below 0.1 gram calorie per square 
centimeter per minute. It may be connected to either a recording or direct 
reading microammeter. 

Burns (16) used a Coblentz (18) thermopile connected with a gal- 
vanometer circuit, which was balanced by a battery circuit so that no cur- 
rent was drawn from the thermopile at time of reading, for measuring 
radiation intensity in the forest. Both the Coblentz thermopile and the 
galvanometer are delicate and somewhat diflBcult to operate in the field by 
the untrained worker. The thermopile receives radiation from only one 
direction. For measuring specific wave lengths, the Coblentz thermopile, 
equipped with filters, is quite satisfactory. Because of its construction the 
Coblentz thermopile is more nearly free from zero shift than any other 
now available. Coblentz thermopiles may be had from the Eppley Lab- 
oratory of Newport, Rhode Island, 

The Moll (61) thermopile is very rapid in reaction and quite sensitive 
to moderately low intensities. Types are now made suitable for use in 
measuring sunlight. Birge and Juday (10) used a Moll thermopile for 
measuring solar radiation under water with quite satisfactory results. 
Both Klugh (46) and the writer have found them to be unsatisfactory for 
measuring the lower intensities such as occur in forests or in greenhouses 
on cloudy days. Such thermopiles also have a zero shift. 

Gorczynskii (31) used a Moll thermopile with a clock driven equa- 
torial mounting for measuring solar radiation in the deserts of Africa. 
The thermopile was connected to a Richard recording millivoltmeter. 

Birge (9) used a silver-bismuth thermopile designed by C. E. Menden- 
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HALL, University of Wisconsin, for measuring radiation in inland lakea. 
Shelpord (76) has also used this thermopile. 

Gast (28) constructed a thermopile in which the receptors are 5. silver 
spheres blackened with lampblack. The active elements are constantan 
and iron. The thermopile is mounted inside of an evacuated lamp form 
and is sufficiently rugged for ordinary field handling. It has a certain zero 
shift or lag, and when used with ordinary microammeters is rather insen- 
sitive to low radiation intensities. Gast attempted to build a radiometer 
which would be uniformly sensitive to radiation regardless of the direction 
from which it comes. For perfect performance his receptor should be a 
single sphere of uniform sensitivity located in the exact center of the 
spherical bulb. As ordinarily used, three or more thermopile units are 
mounted in series at one station and connected to a recording microam- 
meter. By using several units at one station a more precise sample of the 
intensities over an area is obtained than would be by a single thermopile. 

A modified form of the constantan-silver thermopile developed by 
Wilson (86) has been used by Shirley (79) for measuring light in a 
greenhouse and in the forest. This thermopile is exceedingly rugged and 
quite sensitive to radiation intensities below 0.1 gram calorie per square 
centimeter per minute, as well as to the highest intensities encountered in 
sunlight. This thermopile was not injured by frequent use in the forests 
of northern Minnesota from June until October. As at present con- 
structed, however, the thermopile is subject to a zero shift which must be 
corrected for in making readings. 

All the thermopiles mentioned above may be used as direct reading in- 
struments when connected with a galvanometer or microammeter. They 
may also be used for recording radiation from one or several stations. 
Weather Bureau, Moll, Gast and Shirley thermopiles all give sufficient 
current to be used with a recording microammeter of the Engelhard type 
or a recording potentiometer of the Leeds Northrup type. Bichard re- 
cording millivoltmeters and recorders of German make are less expensive 
but do not possess the sturdy construction or reliability of the above-named 
American instruments. 

Solar radiation records obtained from thermopiles or resistance ther- 
mometers (see below) may be used for many purposes. They give the 
maximum intensities and show the variations of intensity from time to 
time. If the area under the curve is integrated a measure is available of 
the total radiation received during a definite period of time. An instru- 
ment for integrating solar radiation is on the market composed of a Moll 
thermopile connected to a gas microcoulomb meter. The writer is unable 
to get any definite information on the performance of these instruments. 



454 


PLANT PHYSIOLOGY 


The Smithsonian pyranometer (Abbot, 4 ) is one of the most precisely 
made instruments for the measurement of total solar radiation or radiation 
from the sky. It consists of a thermopile, the cold junctions of which are 
in contact with a heavy copper disk, while the hot junctions are in contact 
with a blackened manganin receptor. The amount of deflection of an un- 
damped galvanometer caused by a 3-second exposure to radiation is read. 
A current of known strength is then sent through the receptor for 3 sec- 
onds which will give approximately the same deflection of the galvanom- 
eter. By calculating the heating value of this current, the heating value 
of the radiation absorbed can be found and expressed directly in heat units. 
The writer is informed by Dr. C. G. Abbot that these instruments have 
given satisfactory performance when in daily use for over 15 years 
at Smithsonian Observatories. They are fairly rugged and can be used in 
the field if moderate precautions are taken. They are accurate to within 
about one per cent, over a range of intensities varying from 1 to 100. 

The Smithsonian pyranometer is a modification of the Angstrom 
pyrheliometer which w^as a favorite with solar observers in the past, 
Abbot (3). 

Resistance thermometers. — Practically all electrical conductors change 
in resistance with change of temperature. This principle is made use of 
in the construction of resistance thermometers and pyrheliometers. 

The Marvin silver disk pyrheliometer, Foote (26), of the United States 
Weather Bureau is of this type. A fine platinum wire is placed inside a 
blackened silver disk which is carefully shielded from heat changes in the 
environment. The whole is mounted equatorially and driven by a clock. 
The amount of radiation falling on the disk is determined by measuring 
the change in resistance of the wure when the disk is exposed. Such instru- 
ments are ill adapted for field use due to the complexity and size of the 
apparatus and the difficulty in making accurate resistance measurements 
in the field. 

The Smithsonian silver disk pyrheliometer, Abbot (2, 3), consists of a 
mercurial thermometer, with the bulb mounted inside a silver disk. Mer- 
cury contact is maintained between the disk and the bulb. The w^hole is 
carefully shielded from variations in air temperature by mounting inside 
a wooden block. The difference between the thermometer readings before 
and during exposure to radiation gives a measure of the amount of radiant 
energy received. The instrument is sufficiently rugged and portable to be 
used in the field ; how'ever, it is not sensitive to low radiation values. 

The Abbot (1) water flow pyrheliometer is an accurate instrument. It 
measures the radiation intensity by measuring the increase in temperature 
of water as it flows at a uniform rate around a cylinder exposed to radia- 
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tion. The instrument is not suitable for field use since it requires elaborate 
equipment for maintaining the water at constant temperature. Even with 
the modification suggested by Shulgin (80) it would hardly be practical 
foy use by the plant worker. 

All instruments described above may be standardized to express radia- 
tion regardless of quality, in gram calories per square centimeter per 
minute. Those to be described hereafter cannot be so standardized. Prac- 
tically all these instruments may be used behind filters for measuring 
specific spectral regions. 

The sunshine recorder, Marvin (54), consists of a black and white bulb 
gas thermometer connected together with a U-tube partially filled with mer- 
cury. When the sun is shining, the increased pressure of the gas in the 
black bulb forces the mercury up the U-tube where it completes an electric 
circuit connected with a recording device. These records show merely how 
many hours the sun shone on the recorder during any interval of time. 
They make no measure of intensity. 

Radiometers consisting of vanes mounted on a rotating axis with one 
side blackened and the other polished are sensitive to direct radiation but 
are not suited for use in diffuse light. They are scarcely practicable for 
use in plant work. 

Radio-atmometers consisting of paired black and white atmometers, 
recommended by Livingston (51), may be used to give rough estimates of 
the radiant energy available. The writer found them to give unsatisfac- 
tory results when used in diffuse light of low intensity. They are probably 
of considerable value for use as integrating devices in stations which can 
be visited only once a week or so, Burns (14). 

Electrical effects. — When light impinges on thin films of metals 
which are mounted in a bulb and given a negative charge, these films 
lose their charge. Such a bulb constitutes a photoelectric cell. Lithium, 
sodium, potassium, rubidium, caesium and other metals have been used 
in making photoelectric cells. These metals show increasing sensitivity 
to the longer wave lengths as their atomic weight increases. The sensitivity 
of lithium cells is confined almost entirely to the ultra-violet region, while 
caesium cells are sensitive to the red and infra-red as well as the violet. 

Photoelectric cells are practically instantaneous in speed of reaction. 
Utilization of this property has made possible movietone pictures and 
television. 

Photoelectric cells which maintain their sensitivity constants for con- 
siderable periods of time are now being made quite cheaply. When used 
with monochromatic lights or light of constant color temperature, they are 
excellent instruments. Photoelectric cells have been made which have 
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almost as great sensitivity to light as the human eye. The photoelectric 
current produced is directly proportional to the radiation intensity received 
over considerable ranges of wave length. The current may be measured 
directly by a microammeter, or it may be amplified by vacuum tubes and 
the amplified current measured. 

Photoelectric cells may also be used with recording galvanometers 
similar to the types used for thermopiles. In addition photoelectric cells 
may be connected with a condenser and glow relay tube for recording pur- 
poses, as explained by Rentsghler (70) and Poole (66). 

A plant investigator would ordinarily want to use a cell which is sensi- 
tive to all radiations of visible light. The caesium, calcium or strontium 
cells are the most satisfactory in meeting these requirements at present. 
The cell is used with a 20 to 90 volt ‘‘C’’ battery and a microammeter. 
The instrument is sufficiently rugged and compact for ordinary field use. 
While a photoelectric cell is not equally sensitive to all wave lengths sensi- 
tivity curves may be worked out so that when used with filters it makes a 
fairly satisfactory light measuring device. 

Photoelectric cells have certain characteristics which render their use 
by beginners difficult ; 1. The current given is directly proportional to the 
radiation intensity only within definite limits. 2. The current given varies 
with the impressed voltage for constant illumination. 3. Many cells show 
fatigue — a decreasing current with increase in exposure time. 4. Most 
commercial cells have concave sensitive surfaces which are poorly suited 
for measuring radiation from more than one direction. 5. Cells are liable 
to ionization injury if too high voltage is used when exposed to high light 
intensities. 6. Each cell has a special sensitivity curve at different wave 
lengths which can only be determined by direct test. This renders stand- 
ardization very complex. 7. Infra-red radiation causes a decrease in the 
current given by a given intensity of variable radiation which may amount 
to as much as 50 per cent., Olpin (64). 

Workers contemplating the use of photoelectric cells should consult 
CoBiiENTZ (20), Shelford (76 and 76), Shelford and Kunz (77), Kunz 
and Shelford (48). The measurement of sunlight with photoelectric 
cells is a far more complicated process than would be inferred from papers 
by some workers, Segelken (74). 

The selenium cell changes its resistance upon exposure to light. It is 
not equally sensitive to different wave lengths and also has a temperature 
error. Due to the difficulty of measuring resistances accurately in the field, 
this cell has little to offer the plant investigator, Coblbntz (20). 

Illuminating effects. — ^The most sensitive instrument to light which 
we know of at present is the animal eye. The human eye can read ordinary 
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news print over a range of intensities varying from 0.004 to 10,000 foot 
candles, or from one to two and one-half million. Because of its adapt- 
ability to such a great range it is relatively insensitive to small changes in 
intensity. The human eye so rapidly adjusts itself to the intensity of 
illumination that estimates based on the eye alone are practically valueless. 

The Macbeth illuminometer, Leeds and Northrup Company (50), is a very 
satisfactory instrument for measuring light when the color temperature of 
the source is the same as that of a standard lamp. By using neutral filters 
it covers an extremely wide range of intensities, being limited only by the 
limitations of human vision. The instrument is quite rugged and well 
adapted for field use. The intensity of light reflected from a test plate is 
compared with the intensity of light from a working standard lamp, which 
may be moved nearer or farther from the eye as required to obtain an in- 
tensity match. Readings are made in foot candles directly. Considerable 
difficulty is encountered in using this instrument to measure sunlight be- 
cause of the differences in color. This may be partially compensated for 
by the use of a color filter ; however, even by using filters two observers may 
differ as much as 10 per cent, on estimates. For measuring the illuminat- 
ing intensity of artificial light the Macbeth illuminometer is probably the 
best instrument available. A sensitivity curve for the eye is given by 
Kimball (38). 

Since thermopiles measure the heating effect, and illuminometers the 
lighting effect of radiation, measurements made by the two instruments 
are not directly comparable unless the source has a constant color tempera- 
ture. Last summer the writer made a series of simultaneous readings with 
the Macbeth illuminometer and the Shirley pyrheliometer under Norway 
pine canopies. The ratios of the two readings were averaged and stand- 
ard deviation calculated. The standard deviation of a single determina- 
tion was often as much as 25 per cent, of the ratio, as determined from 50 
values. When readings in the forest were expressed as percentage of 
radiation in the open as measured by the same instrument, quite com- 
parable results were obtained. 

Extinction photometers that make use of a neutral wedge which gradu- 
ally cuts off more and more light until none passes through it may be used 
as rough light measuring devices. Such instruments do not measure light 
in absolute units. The value obtained will vary greatly with the observer 
and acuity of his vision. These photometers are rugged, simple to use, and 
may be carried in the pocket but cannot be recommended for general use 
in plant investigations. 

Spectrophotometers have been used to measure the intensity and qual- 
ity of light in the forest by Knuchel ( 47 ) and Klugh ( 46 ), Knuohbl 
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(47) used an instrument of the standard type. It was equipped with an 
electric lamp to serve as a standard source of radiation. This instrument 
is very valuable for special investigations in which quality changes are 
important ; however, it is too delicate and cumbersome for general field use. 

The pocket spectrophotometer of Nutting (63) makes use of the ex- 
tinction principle. It was used by Klugh (46) for making relative 
measures of different spectral regions. It can be used for determining 
changes in light quality in general but is not a precision instrument. 

Chemical effects. — ^Most of the light measurements made by plant 
workers in the past have been made with various kinds of chemical pho- 
tometers. Practically all of these photometers make use of the darkening 
of silver salts when exposed to light. A number of devices have been con- 
structed for exposing the sensitized paper or plates, many of which are 
described by Zon and Graves (87), Pulling (69), Klugh (46), Eubel 
(72) and Abderhalden (5). Clementes photometer is about as satisfac- 
tory as any. The essentials of the method are: a piece of the sensitized 
paper or plate is exposed to the light for a definite period of time, or until 
it attains a certain definite tint. The light intensity is assumed to be in- 
versely proportional to the length of time it takes the sensitized material 
to reach the standard tint. 

The method has several defects. Practically all sensitized materials 
used are unequally sensitive to the different wave lengths, being most sen- 
sitive to the blue and ultra-violet and only slightly sensitive to the red. 
Panchromatic plates as used by Klugh (46) are fairly uniformly sensitive 
throughout the visible region but are highly sensitive to the ultra-violet. 
Panchromatic plates must be developed before the tints can be compared, 
in which process standard methods must be used if accurate results are to 
be obtained. The plates also vary greatly in sensitivity. Rhodamin B 
paper is less accurate but is sensitive to red. In no case is the time re- 
quired to attain a standard tint exactly inversely proportional to the light 
intensity; however, correction factors have been worked out for a number 
of plates. In intense light, the time required to attain a standard tint is 
often so short that it cannot be accurately measured even with an automatic 
stop watch arrangement as used in Clementes photometer. It is very dif- 
ficult to reduce the readings to standard units so that the intensities in one 
place may be compared with those of another. A recent improvement on 
the Clementes photometer adapts it for recording purposes. 

Other chemical reactions have been used in evaluating light. The de- 
composition of hydriodic acid may be used to integrate the light over a con- 
siderable period of time. They present the same general difficulties men- 
tioned above, Ridgeway (71) and McCrea (66). 
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In general the method has practically all the objections open to the pho- 
toelectric cell without having the speed and accuracy of the latter instru- 
ment. Foresters and ecologists seem to be gradually adopting thermopiles, 
photoelectric cells, and illuminometers to replace chemical photometers in 
light measurement work, especially in studies requiring rather precise 
measurements. Chemical photometers may still have valuable uses where 
only rough approximations are needed. The chief advantages are com- 
pactness, portability, and inexpensiveness. 

For a discussion of photochemical processes the reader is referred to 
Kistiakowsky ( 44 ). 

Plant indicators. — ^Phytometers would serve as an admirable method 
of measuring the growth value of light provided suitable plants are found 
whose light reaction is suflBiciently sensitive and accurately measurable. 
Clements and Goldsmith (16) give a discussion of the method and some 
results obtained with sunflowers. Since the reaction of a plant to light is 
greatly disturbed by temperature and other conditions, it is doubtful if 
phytometers can be successfully employed without measurements by physi- 
cal instruments as checks. The indicator value of natural vegetation has 
not been sufficiently studied to be used with assurance at present. As an 
indicator of light conditions certain broad differences in intensities can be 
detected by this means, but, for fine distinctions, physical instruments 
would have to be relied upon. 

Measurement of transmission, reflection and absorption of leaves 

Various workers have attempted in the past to measure the efficiency 
of different wave lengths of light in plant photosynthesis. In such experi- 
ments it is imperative to know how much energy was actually absorbed by 
the assimilating organ. Shull (81) has shown that the reflection from 
leaf surfaces is selective, t.e., green is most highly reflected while red and 
blue are reflected to a much less extent. The precise measurement of the 
transmission, reflection and absorption of diffusing surfaces is a very diffi- 
cult problem. Those interested are referred to McNicholas (57, 68), 
Block and Pirani (18), Lax, Pirani and Schonborn (49), and Waldram 
(86). Such problems are in general too technical to be undertaken by the 
ordinary plant investigator without the aid of a competent physicist. The 
reader is further referred to methods in use at the Electrical Testing Lab- 
oratories of New York and the United States Bureau of Standards, Wash- 
ington, D. C. 

Photometric definitions 

The following photometric definitions are essentially as given by the 
committee on nomenclature and standards in the Transactions of the Illu- 
minating Engineering Society 25 : 728-747, October 1930. 
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1. Light: For the purposes of illuminating engineering, light is radi- 
ant energy evaluated in proportion to the luminous sensation produced by 
it. 

2. Eadiant Flux: Radiant flux is the time rate of flow of radiant en- 
ergy. It is expressed preferably in ergs per second or in watts. 

3. Luminous Flux : Luminous flux is the time rate of flow of light. 

4. Lumen : The lumen is the unit of luminous flux. It is equal to the 
flux in a unit solid angle (steradian) from a uniform point source of one 
candle, or to the flux on a unit surface all points of which are at unit dis- 
tance from a uniform point source of one candle. 

5. Luminous Intensity: Luminous intensity, in a given direction, is the 
solid-angular flux densit}^ in the direction in question. Hence, it is the 
luminous flux on a small surface normal to that direction, divided by the 
solid angle (in steradians) which the surface subtends at the source of 
light. 

6. Candle : The candle is the unit of luminous intensity. It w’as origi- 
nally based on the amount of light given by a standard sperm candle burn- 
ing under fixed conditions. It is now standardized and used as an inter- 
national unit. 

7. Candle-power: Candle-power is luminous intensity expressed in 
candles. In addition to the standard candle there are certain standard 
lamps which must be burned under stated conditions : 

Standard Pentane Lamp burning pentane gives 10.0 candle-powder 

Standard Hefner Lamp burning amyl acetate gives 0.9 candle-powder 

Standard Carcel Lamp burning colza oil gives 9.6 candle-powder. 

8. Illumination : Illumination is the density of the luminous flux on a 
surface, or the quotient of the flux by the area of the surface when the lat- 
ter is uniformly illuminated. 

9. Foot-candle: The foot-candle is the unit of illumination when the 
foot is taken as the unit of length. It is the illumination on a surface one 
square foot in area on which there is a uniformly distributed flux of one 
lumen, or the illumination produced at a surface all points of which are at 
a distance of one foot from a uniform point source of one candle. 

10. Lux: The lux is the practical unit of illumination in the metric sys- 
tem, equivalent to the ‘‘meter-candle.^^ It is the illumination on a surface 
one square meter in area on which there is a uniformly distributed flux of 
one lumen, or the illumination produced at a surface all points of which 
are at a distance of one meter from a uniform point source of one candle. 

11. Phot : The phot is the unit of illumination when the centimeter is 
taken as the unit of length ; it is equal to one lumen per square centimeter. 

Foot-candle equals 10.764, Lux equals 1.0764 milliphot. 
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12. Brightness : Brightness is the quotient of the luminous intensity of 
a surface measured in a given direction by the area of this surface pro- 
jected on a plane perpendicular to the direction considered, 

13. Lambert : The lambert is a unit of brightness equal to the average 
brightness of any surface emitting or reflecting light at the rate of one 
lumen per square centimeter, or the uniform brightness of a perfectly dif- 
fusing surface emitting or reflecting light at that rate. 

For most purposes the millilambert, 0.001 lambert, is the prefer- 
able practical unit. 

14. Foot-Lambert : The foot-lambert is a unit of brightness equal to the 
average brightness of any surface emitting or reflecting light at the rate of 
one lumen per square foot, or the uniform brightness of a perfectly diffus- 
ing surface emitting or reflecting light at that rate. 

Mechanical equivalent of light 

For radiation of maximum visibility one lumen equals 0.001496 watts, 
or one watt radiation of wave length 556 equals 668 lumens. 

For sunlight one calorie per square centimeter per minute is the equiva- 
lent of 5,000-7,000 foot candles. 

Tungsten filament lamps give much lower values. 

Summary and conclusions 

A critical discussion of light sources available to plant workers is given. 

A discussion of the characteristics of various thermopiles, pyrheliom- 
eters, photoelectric cells, illuminometers and chemical photometers is given. 

The ordinary Mazda lamp, with or without filters, is the most satisfac- 
tory source of light for general use in plant investigations. 

The General Electric Sunlamp as now made is not practical for use in 
growing plants. 

Thermopiles and pyrheliometers, with or without filters, may be success- 
fully employed by the plant worker for measuring light, and are to be pre- 
ferred in general to photoelectric cells, illuminometers and various chemi- 
cal photometers. 

The writer wishes to acknowledge the kindness of Dr. H. H. Ejmball 
and Dr. C. G. Abbot in showing him the instruments used by the United 
States Weather Bureau and the Smithsonian Institution, respectively. 
The writer is also indebted to members of the United States Bureau of 
Standards, the Edison Lamp Works of Harrison, New Jersey, and the Elec- 
trical Testing Laboratories of New York, for explaining methods used in 
radiation investigations. 

Laks States Foekst Expbeiment Station, 

St. Pattl. Minnesota. 
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SOME EFFECTS OF ACETYLENE ON THE BIPENING 
PROCESSES OP BANANAS* 

B. Haktshokn 
(with eight fioubbs) 

Introduction 

In recent years there has been considerable in the literature concerning 
the action of ethylene and propylene on the ripening processes of fruits. 
Under certain conditions, it would appear that both of these gases are 
capable of hastening the ripening of some fruits, Dennt (3, 4) ; Beoeim- 
BAL (28) ; Rosa (30, 31) ; and Overholser (26). Whether the action of 
these gases is due to the fact that they are unsaturated compounds or to 
some other property common to both remains yet to be shown. However, 
acetylene, another hydrocarbon which is even more unsaturated than the 
aforementioned ones, has been little experimented with in this regard. 
Harvey (14) reports it as being unsatisfactory, but does not present ex- 
perimental evidence to indicate the nature of its action. Any information 
concerning its action on the ripening processes of fruits would be of inter- 
est therefore, first, because it would be new regardless of whether or not 
the action were similar to that of ethylene and propylene; and secondly, 
if similar, it would tend to strengthen the hypothesis that the action of 
these gases is in some way associated with the unsaturated condition of 
the molecule. 

It is the purpose of this paper to present the results of experimentation 
on the eifects of acetylene on the ripening processes of both normal and 
chilled bananas. It is not considered that this is a finished piece of work, 
in any sense; but it is hoped that it may be of interest or suggestive to 
those now engaged in projects along these lines. The work reported was 
done in 1928. 

Materials and methods 

The fruit used in the first experiments was received from the United 
Fruit Company.* It was shipped by express from New York City to 
Ithaca, N. Y., arriving there a^ut 24 hours after unloading in New York. 
It was the Qros Michel variety and was green at the beginning of the 
experiments unless otherwise stated. 

1 Presented before the Phyaiologienl Section of the Bot. Soc. Amer., N. Y. Meetings, 
1928. 

* The work herein reported was started during the tenure of a United Fruit Com- 
pany Fellowship. It was done in the Iiaboratory of Plant Physiology, Cornell Uni- 
versity. 
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The green fruit is very hard. The hardness was measured in these 
experiments by a specially devised instrument which measured the force 
required to insert a cylindrical metal plunger a given distance into the 
pulp. In these results, the index 7 indicates a very hard, green fruit; 
whereas 1 or less indicates a very soft, or ripe fruit. 

The starch content of the green fruit is very high, a cross-section of 
the fruit becoming entirely black when treated with a few drops of iodine- 
potassium iodide solution. In the ripe fruit, the starch has largely or 
completely disappeared as indicated by an absence of coloration with the 
aforementioned test. Generally, the ripe fruit still shows starch in the 
middle and in three narrow bands radiating from the middle of the pulp. 
These areas, however, are not as black as in the green fruit, and the inter- 
mediate areas may be completely free of any starch. 

All samples were composed of a number of individual fruits which 
were selected to be as comparable as possible. An individual fruit is 
called a finger and a cluster of these a hand. In the main experiments, 
the control and treated samples were composed of halves of the same hands. 

The temperatures, though fiuctuating in some instances, were alike in 
all cases in both control and treated samples. In the respiration experi- 
ments the jars containing the fruit were submerged in controlled tempera- 
ture baths. The air was brought to temperature before its entrance into 
the chambers. 

The only differences, therefore, between the treated and the controls 
was the presence of the acetylene or carbide. The humidity was high in 
all cases as indicated by the condensation of moisture on the inner surfaces 
of the containers. 

In the jar experiments, carbide was placed in the bottom of 3.5 liter 
battery jars and covered with cotton to prevent contact with the fruit. 
The tops of the jars were covered with a layer of cotton to allow air ex- 
change while still preventing a too rapid loss of acetylene and moisture. 

Eespiratory rate was determined by use of an apparatus which per- 
mitted a continuous flow of COg-free air. The determinations were made 
over two hour periods by the absorption of COg in NaOH by means of 
modified Reiset tubes. The residual alkali was titrated with standardized 
HCl after the addition of BaClg to precipitate the carbonate. The respira- 
tory rate was calculated as milligrams of CO 2 per kilogram of fruit per 
hour, (CO 2 -MKH). 

Preliminary experiments 

The results of a couple of experiments will serve to illustrate the results 
obtained in several preliminary tests. 



UARTSHORN: ACETYLENE AND RIPENING OF BANANAS 


469 


Experiment I 

On March 21, 1928, eight firm, green fingers were placed in each of two 
battery jars, (3.5 liters capacity). About 12 grams of calcium carbide were 
placed in the bottom of one. Each jar was covered with a layer of cotton. 
The temperature during the experiment varied from 16 to 24® C. (61- 
75® P.). The treated fruit began to turn yellow in three days, the control 
fruit remaining green. At the end of five days the treated fruit was ripe. 
It had a good yellow color, medium starch content, and a fairly good 
flavor; whereas the check fruit was just beginning to assume a yellow 
color, had a high starch content, and was still inedible. 

This experiment w^as repeated a number of times with different lots of 
fruit and in no case, when the fruit used was green at the beginning and 
the temperatures maintained within this range, did the control fruit ripen 
as quickly or as uniformly as the treated. In those instances in which the 
fruit had clearly begun to ripen or w’liere temperatures much over 24® C. 
(75® F.), were encountered for any length of time the differences were 
questionable though always favoring the treated as regards the color of 
the peel. On the other hand, in a few eases in ivhich the treated fruit 
ripened well in five days, the check samples w’ere still green at the end 
of twelve days. 

Experiment II 

An experiment was planned to show the relative efficacy of varying 
amounts of carbide. As all the amounts used were equally effective, the 
experiment merely indicates the difference w’hich may be obtained due to 
the treatment of bananas wdth carbide. Portions of hands, composed of 
seven or eight fingers, were placed in jars covered with cotton. There 
were about 2.5 liters of air space remaining in the jars after the fruit was 
placed therein. Amounts of carbide varying from 0.25 to 4.0 grams were 
placed in the jars. Cotton w^as placed on the carbide to prevent contact 
with the fruit. The jars were placed together in the laboratory. The 
room temperature varied from 12.2 to 24® C. After the first two days the 
temperature was not above 20.6® C., and was above 15.6® C., most of the 
time. The temperatures encountered, therefore, w’ere favorable for ripen- 
ing but were not sufficiently high to cause its undue acceleration. When 
the experiment w^as started, June 13, 1928, the fruit was green in color 
and showed a pulp pressure of 5.5. The observations made three, and five 
and one-half days later are presented in table I. 

This experiment clearly shows the effect of the carbide treatment, and 
furthermore, tends to indicate that there are no sharp limits to the effective 
concentration of acetylene. The results obtained are the more striking in 
view of the fact that the odor of acetylene was readily detected several feet 
from the group of jars, including those containing the control fruit. 
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The effect on respiration 

Experiment III 

Because a preliminary experiment had suggested that respiration was 
increased during treatment, another trial was made with greener fruit to 
check the observations. The samples were composed of halves of the same 
hand and each contained six fingers. The treated sample weighed 1,021 
and the control 958 grams at the beginning. The temperatures were high 
but alike for both samples. The air was drawn through the chambers at 
as near the same rate as possible by comparing the rate of bubbling. It 
was approximately 15 liters per hour. The results are presented in 
figure 1. 



At the end of 120 hours, the treated fruit was excellent in appearance, 
being uniformly golden yellow. It had a very good flavor, medium starch 
content, and a pressure of only 0.5, The check, at this time, was of variable 
color, being from yellow to green. It was not ripe as indicated by flavor, 
high starch content, and a pressure of 1.2. 

The treated fruit ripened quicker, better, and more uniformly than the 
control. Accompanying this there was a marked acceleration of respira- 
tion. It was not affected at the first determination, (2.5-4.5 hours), fol- 
lowing the beginning of the treatment. The maximum difference occurred 
at 52.5-54.5 hours after the initiation of the treatment, at which time that 
of the treated was 3.6 times that of the control. 


Effect on respiration of severely chilled fruit 
Experiment IV 

The fruit used in this instance had remained packed in barrels with 
hay for two days after arrival and was light green in color. It had an 
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index for pressure of 7.0-7.5, indicating that very little if any ripening 
had occurred though the temperature of the fruit at the end of two days 
was 21.1® C. 

Three hands from the middle of the stem were subjected to tempera- 
tures of 4,4-10® C., for 38 hours. Most of the time the temperature was 
below 7.2® C. The chilling temperatures are shown in table II. At the 


TABLE II 

Temperatures (°0.) during the chilling period, experiment IV 


Hours or 

CHILLING 

0 

1 

1.5 

2.5 

11.5 

13.5 

20 

26 

38 

Air tempera- 










ture 

12.5 

7.8 

6.9 

6.7 

6.9 

4.4 

7.2 

6.7 

11.0 

Pulp tempera- 



! 







ture 

21.0 

11.7 

8.0 

7.2 

7.2 

4.4 

7.2 

6.7 

10.0 


end of this treatment the pressure w^as 5.5. At this time the hands w^ere 
cut into halves and two samples made, each composed of halves of the 
same three hands which had been subjected to identical treatment. The 
samples were quickly weighed and placed in the respiration chambers. 
The weights of the two samples were 2,129 grams for the treated, and 
2,136 grams for the control. The air flow was regulated to 20 liters per 
hour as measured by calibrated flow-meters. The temperature was closely 
maintained at 21® C. The only difference in the two samples was that, in 
the case of the treated, the air was drawn over 15 grams of calcium carbide 
immediately before entering the chamber. When first opened, at the end 
of 77.5 hours, the chambers still smelled strongly of acetylene though most 
of the carbide appeared to have been used at the end of 24 hours. The 
results are presented in figure 2. At 128 hours the pressure of the treated 
was 0.9 whereas that of the control was 2.8. These were essentially the 
same as the determinations at 77.5 hours. The flavor of the treated was 



Fio. 2. Effect of carbide treatment on respiratory rate of severely chilled bananas. 

Exp. IV. treated 

control 
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fairly good at this time but that of the check was not good even at 208 
hours. The observations as to color and starch are given in table III. 

TABLE III 
Besults of experiment rv 


Treatment 

HOURS AT 

210 C. 

OOIiOR 


Starch 

Control 

Carbide 

Control 

Carbide 

0 

yellowish-green 

yellowish-green 

high 

high 

59 


greenish-yellow 



78 

(< i ( 

yellow 

high 

medium-high 

128 

(t <( 

slightly pale yellow 

t i 

medium-low 

203 

3 yellow fingers 
(green tips) 
most yellowish- 
green 

(no green tips) 

high 



The results obtained warrant the conclusions that the fruit was severely 
chilled and that the carbide treatment markedly influenced the rate of 
ripening as indicated by increased respiratory rate, (at 45-47 hours after 
the beginning of the treatment, that of the treated was 4.4 times that of 
the control), more rapid softening, loss of starch, and improvement of 
color and flavor. 


Ammonia, an impurity in acetylene 

In view of the work of Bacher ( 1 ) which showed that small amounts 
of ammonia in the air stimulated the gro^vth of certain plants, and also 
that ammonia is generally conceded to be one of the chief impurities in 
acetylene, (Lewes 19 , p. 472, Liebetanz 20 , p. 247, and Mathews, 22 ), it 
seemed well to test the effect of this gas on the ripening of the fruit. In 
addition to treating the fruit with ammonia, the acetylene-air mixture was 
also purified by a method suggested by Mathews ( 22 ) which would remove 
any ammonia present. The resulting gas-air mixture, which was pre- 
sumably free of ammonia, phosphorus compounds, sulphides, carbon mon- 
oxide, and carbon dioxide was passed through the respiratory chambers. 
It is quite likely that any possible trace of ethylene would be oxidized by 
the chromic acid ( 21 , p. 91). 

Experiment V 

The purpose of this experiment was to determine whether ammonia was 
responsible for the effects previously attributed to acetylene. The fruit 
used was obtained from a local dealer but was still green as shown by 
appearance, pressure, and the respiration curve of the check. Halves of 
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three hands were used, and the weight of each sample was in the neighbor- 
hood of two kilograms. The procedure was similar to that in the previous 
experiments. The temperatures were closely maintained at 21® C. The 
ammonia was supplied as ammonium carbonate, over which air was passed 
before entering the chamber. It was planned to use an amount of the salt 
which would give, if uniformly distributed over a 24-hour period with an 
air flow of 20 liters per hour, a concentration twice that which Bacher 
found to be best for growing plants. It was not expected that the fruit 
would respond as readily as growing plants. As the first treatment ap- 
peared to be ineffective, two addition treatments of twice the original 
quantity were made. Comparisons were made with the untreated fruit, 
fruit given the carbide treatment as previously, and that exposed to the 
purified gas-air mixture. The results are presented graphically in fig. 3, 


Pig. 3, 



Effect of ammonia, acetylene, and purified acetylene upon green bananas. 

Exp. V. 


and a photograph of the representative samples taken at the end of 120 
hours is shown in fig. 4. The sections cut from the fruit were treated 
with iodine in potassium-iodide solution and show the disappearance of 
starch from the central portion of the fruit treated with acetylene. The 
check fruit and that treated with ammonia do not show this difference. 

At the time these samples were taken, both those treated with acetylene 
and purified acetylene were yellow and well flavored, whereas both the 
control and the ammonia treated samples were mixed yellowish-green and 
greenish-yellow and were decidedly unripe. The starch test for the acety- 
lene treatments was described as moderately high, while that for the check 
and ammonia treated was termed very high. The last two ammonia treat- 
ments were probably somewhat severe as the final ripening was not as 
good as that of the check and also, there were a few very small brown dots 
which were probably indications of injury at the points of entry. Fur- 
thermore, the divergence 6f the respiration curves for these two samples 


lIAaTSHOHN : ACETYLENE AND RIPENIND OF BANANAS 


47S 



Fig. 4. Representative samples from the treatments in Exp. V showing color change and 
disappearance of starch with the acetylene treatments, 

suggest that the ammonia treatment hindered ripening. From this experi- 
ment it appears that ammonia was not the active agent in hastening the 
ripening in the previous experiments, as certainly all traces of ammonia 
were removed in the purification in this experiment and the results ob- 
tained with the purified gas are practically the same as those with the 
carbide treatment. Undoubtedly, some of the acetylene was absorbed by 
the sulphuric acid used in the purification. There was no detectable 
odor in the chamber receiving the purified gas whereas the other chamber 
smelled strongly of acetylene. It seems established, therefore, that 
ammonia, as an impurity in the acetylene, is not responsible for the 
hastened ripening with the carbide treatment. 

Acdiylexie from another source 

Denny (3), in his work on the coloration of lemons, did not obtain the 
same results with acetylene generated by the action of alcoholic potash and 
ethylene dibromide as with that from tanks. It seemed advisable, therefore, 
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to test this point in regard to bananas. Acetylene was generated from the 
above substances by a method described by Sabenejepp (32) with the 
additional purification suggested by Zeisel ( 40 ). 

Experiment VI 

In this experiment comparisons were made between the effects of 
purified acetylene, acetylene from ethylene dibromide, and ethylene. The 
procedure was similar to that of the preceding experiment except that the 
latter two gases were introduced into the air stream from bottles by dis- 
placement with water. The fruit used in this experiment had been in a 
ripening room with a kerosene stove for 24 hours before being obtained. 
All samples, including the control, ripened very quickly. The results 
appear in fig. 5, and the observations in table IV. 



Pio. 5. Showing respiration of rapidly ripening bananas. Effect of gas treatments 
on respiration questionable. Exp. VI. 

TABLE IV 

Observations accompanying results or experiment VI 


Treatment 

At end or 72 hrs. 

At end of 103 hrs. 

Color 

Color 

Flavor 

Check 

yellomsh green 
(not uniform) 

yellow and slightly 
greenish yellow, 
green tips 

slightly astringent 

Purified acetylene 

pale yellow 

yellow, two green 
tips 

good 

Acetylene from 
ethylene dibromide . 

pale yellow 

yellow, no green 
tips 

good 

Ethylene 

greenish yellow, 

I pale yellow 

yellow, no green 
tips 

good 
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It is quite clear frotn the graph that ^ere was veiy little difference in 
the respiratory rate of the check and that of the sample treated with acety- 
lene from ethylene dibromide. However, considering the differences in 
color and flavor, and the fact that the check ripened unusually fast, it 
seems that the lack of greater differences in the respiratory rate can safely 
be explained on the basis that the previous treatment had already acceler- 
ated the ripening processes. In order to check this point, this experiment 
was repeated. 

Expebihent VII 

Halves of two hands composed a sample, each of which weighed about 
1,700 grams. The check sample was from the same hands as the sample 
treated with acetylene from ethylene dibromide. The temperatures of the 
latter treatment were purposely kept slightly below that of the control to 
avoid any possibility of the temperatures being in its favor. Because of 
the importance of the temperatures in this case the actual data are pre- 
sented in table V. It should also be stated, that the ethylene treatment 

TABLE V 

TEUPEKATITRE BECOBDB POE EXPSSIMENT VII. 


Tseatuent 


Time 


Check j 

Purified acetylene 

Acetylene from 
ethylene dibromide 


Air 

Bath 

Pulp 

Air 

Bath 

Pulp 

Air 

Bath 

Pulp 

hours 


°C. 








0. 

21.1 

21.1 

20. 

21.1 

20.7 

20. 

21.1 

20.4 

20. 

6.5 

21.8 

20.9 


21.9 

20.8 


21.2 

20.6 


8.5 

21.9 

21.1 


22.0 

21.1 

j 

21.4 

20.5 

1 

38. 

21.7 

20.9 


22.0 

21.1 


21.2 

20.8 

1 

40. 

22.0 

21.1 


22,6 

21.1 


21.5 

20.6 


72. 

22.0 

20.9 

22.2 

22.5 

21.4 

22,2 

21.4 

21.1 


78.5 

22.2 

21.1 


22.3 

20.8 


22.2 

21.1 


80.5 

1 22.0 

21.1 


22.2 

20.9 


22.2 

21.1 


94. 

i 21.9 

20.8 


21.1 

19.4-21.1 


21.8 

20.4 


96. 

21.9 

21.1 

22.2 

21.9 

21.1 

21.4 

21.7 

20.4 

21.4 


in this case is not strictly comparable in that an electric light bulb was 
used as a heating unit whereas, in all other oases, immerson heaters were 
used. The effect light may have is unknown. 

Unfortunately, the fruit used was not satisfactory as it was even older 
than that used in the preceding experiment. The results, fig. 6, indicate 
that the fruit was well started in the ripening prbeesses at the beginning 



478 


I?LAi?T FHYSI03:X)0y 



Fig. 6. Effect of purified acetylene, acetylene from ethylene dibromide and ethylene upon 
the respiration of ripening bananas. Exp. VII. 

of tho experiment. In spite of this, there was a slight but significant 
difference in the respiratory rate of the fruit treated with acetylene from 
ethylene dibromide as compared with that of the control. Also, at the end 
of the experiment, the check still had green tips while both of the acetylene 
treatments were uniformly yellow. The treated fruit was well flavored 
whereas the check was slightly green and astringent to the taste. In view 
of these differences, and in spite of the conditions it seems quite likely 
that acetylene, from either calcium carbide or ethylene dibromide and KOH 
will give similar hastening of the ripening of bananas. The effect of 
acetylene appears to be qualitatively similar to that of ethylene. 

Discussion 

A comparison of the respiration determinations of various samples is 
given in fig. 7. The curve, (number 3), which represents the average of 
several check samples, indicates, in general, the form of the respiration 
curve of normally ripening bananas held at 21.1® C. Sometimes the rise 
is a little more rapid, the peak higher and more pointed. On the other 
hand, when fruit has been subjected to conditions which affect it adversely, 
the curve may remain very flat for some time. This is illustrated by the 
curve of the chiUed fruit, (number 1). Curve number 5 is that of the 
cheek in experiment VI, in which the treatments failed to show accelera- 
tion of respiration. The explanation for this lack of difference seems to 
be, that the fruit was already in the process of ripening very rapidly and 
near the peak of its activity. To substantiate this, is the fact that when 
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Fio. 7. Comparison of respiration of the cheeks of different experiments. 

1. Check in chilling experiment, (check chilled). 

2. Check of experiment in which acetylene treatment showed marked acceleration, 

3. Typical ripening curve (average of several cheeks). 

4. Check of experiment in which treatments showed only slight differences. 

6. Check of experiment in which treatments showed differences which were questionable. 

curve 5 is superimposed upon curve 3, (see dotted lines), the agreement 
seems to be very close. Curve 4 is that of the control in experiment VII, 
in which more difference was shown by the treatments. It will be seen that 
in this case also the fruit was ripening rapidly, but not as rapidly as in the 
other case, and that consequently, the differences due to the treatment were 
more evident. 

Therefore, since the fruit used in experiments VI and VII was in the 
process of ripening very rapidly and near the peak of its activity, it is not 
surprising to find that the treatments did not cause greater acceleration. 

The treatments appear to be most effective in shortening the initial 
period of low activity and consequently the greatest differences are found 
in the cases in which this period is of greatest duration, as in that 
of severely chilled fruit. It is also quite likely that once this acceleration 
of activity has commenced the presence of the gas is no longer necessary. 
This, however, needs experimental investigation. If the preceding 
hypothesis is correct, then such varieties as the Lacatan, which are ripened 
slowly and with difficulty, should respond similarly to the chilled fruit. 


eck 



Flo. 8. Bespiratioa of banaiuB as detennhied by rsrions woiken. 
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In fig. 8 are shown the determinations of various workers who have in- 
vestigated the respiration of bananas. The curve of the average of several 
check lots is also repeated for comparison. From a study of these curves, 
it will be seen that these workers used bananas which were already well 
advanced in the ripening processes. This point was first established by 
E. P. Hopkins.* As a matter of fact, Langworthy (18) states that the 
fruit was ‘‘more mature than usual,’' also, that it hung in the laboratory 
over night; and Gore (9) says that the “bananas were on the point of 
turning yellow.” Olney (26) makes mention of the relative maturity of 
the fruit used but even his “least mature” was far from green, as can be 
seen from the curve. Furthermore, his work being done in Chicago would 
make it even more difficult to obtain fruit which had not encountered 
favorable conditions for the ripening processes. By a comparison of these 
curves and also those in fig. 7, it seems safe to conclude, that in the case of 
the previously reported work, and in the experiments herein presented in 
which the controls ripened rapidly that the fruit was already well along 
in the ripening processes when the experiments were begun, and that 
furthermore, this was due to the fruit having previously been exposed to 
favorable ripening conditions or to substances such as ethylene, acetylene, 
or other volatile substances which would stimulate the ripening processes 
as indicated by a high initial respiratory rate and an immediate rapid rise 
of the same. 

The work of Hibbard (16) and Wolfe® with ethylene would seem to 
fall in line with these observations and conclusions. The fruit which Hib- 
bard found to require 232 hours to color was probably chilled, and that 
“which had been exposed to low temperature for too long a period” was 
probably more than just chilled, or had also received other deleterious 
treatment. Low humidity sometimes has injurious effects which are simi- 
lar to chilling, but the response of the fruit so exposed would not be the 
same. All the work herein reported was with very high humidity. 

Though no previous work has been reported as to acetylene acting simi- 
larly to ethylene in the ripening of bananas, there is evidence in the litera- 
ture which indicates that this is in line with its behavior. It has been 
reported as causing — ^nutations, (16, 17, 24, 29) ; changes in the chemical 
composition of germinating seeds and tubers, (10) ; decomposition of 
chlorophyll, (8, 11) ; production of intumescences, (36) ; breaking of rest 
periods, (28, 38, 37, 38) ; and inhibition of growth, (17, 39). 

2 Hopkins, E. F. Bespiration and ripening of bananas. Unpublished report to the 
United Fruit Co. 1-46. 1927. 

«W0LF*, H. S. The effect of ethylene on the ripening of bananas. Paper pre- 
sented before the Amer, Boe. Plant Physiologists, Cleveland meetings, 1930. 
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Though the action of acetylene, ethylene, and propylene seems to be 
somewhat different from that of other substances, notably as regards the 
wide range of effective concentrations, there is still insufficient evidence to 
connect this behavior with the unsaturated condition of the molecule. 
Many other substances have been shown to be capable of hastening the 
ripening of fruits (34), and forcing plants (6, 6, 7, 33, 87). The action 
of these gases on horticultural material has been more completely presented 
in a paper by Hartshoen.* 

Summary 

The experiments here reported show that the ‘‘carbide treatment” has- 
tens the ripening processes of thoroughly green bananas as shown by the 
rates of softening, respiration, starch hydrolysis, flavor and color changes. 
That these effects are due to acetylene rather than ammonia or some other 
impurity in the gas seems fairly well established by the experiments in 
which the gas was purified. It has not been shown that no ethylene was 
present in the acetylene, but it seems very unlikely in view of the condi- 
tions under which the gas was produced and purified, and the low concen- 
tration of acetylene used in some experiments. There appeared to be no 
sharp limits to the concentrations of acetylene giving these results. 

Though the difference in the respiratory rate may be considerably in- 
creased at a given time by the treatment, the maximum respiratory rate 
during the ripening may not be greatly changed by the treatment except 
in the. case of severely chilled fruit. The effect appears to be mainly in 
the abbreviation of the period of low activity normally occurring at the 
beginning of the ripening processes or which may be considerably extended 
by unfavorable conditions such as chilling. 

The condition of the fruit at the beginning of the experiment is of 
prime importance as to the results obtained. It is suggested, that the high 
initial respiratory rates determined by previous workers were due to the 
fact that the fruit was well advanced in the ripening processes, at the be- 
ginning of the experiments, due either to exposure to favorable ripening 
conditions, or to stimulation by ethylene, acetylene or other volatile sub- 
stances of similar action. 

The results with acetylene are in agreement with those obtained with 
ethylene, and also with its previously determined effects on horticultural 
material. 

Washington, B. C. 

^ Haetshorn, Bobert H. The effect of acetylene, ethylene and prophylene on horti- 
cultural matenal. Cornell University Thesis, 1-38. 1929. 
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WATER^SUPPLYING POWER OF THE SOIL UNDER DIFFERENT 
SPECIES OP GRASS AND WITH DIFFERENT RATES 
OP WATER APPLICATION" 

F. A. Welton and J. D. Wilson 
(with five figures) 

The water-supplying power of the soil has been investigated by a num- 
,ber of workers during the past 30 years. The soil-point method which is 
used ill this study was described by Livingston and Koketsu (3). This 
method has since been used to study the seasonal variations in the water- 
supplying power of the soil with reference to rainfall, evaporation rate and 
the growth condition of lawn grasses by Livingston and Ohga (4) and by 
Wilson (6). Other closely related investigations have been made by Liv- 
ingston, Hemmi and Wilson (2) and by Baldwin (1). An unpublished 
paper by Wilson and Livingston deals with the relations existing between 
the decreasing water-supplying power of the soil and the wilting and death 
of a number of grass species. Some of the observations made in the course 
of the last mentioned study suggested the experiments reported here. 

During the past three seasons the senior author has been conducting an 
experiment on the use of water by various lawn grasses. This includes a 
series of seven plots, each of which is watered differently. Each plot is 
divided into three equal parts, one-third of which is planted to Kentucky 
blue grass, one-third to Chewing’s fescue and the remainder to Washington 
bent grass. AA’^ater is added to five of these plots in measured quantities 
and at definite times and intervals. The other two plots serve as checks 
and receive only what water falls as rain. The grass is clipped and weighed 
at intervals, the length of these in days being determined by the rate of 
growth. 

Only four of the seven plots were used in the study reported here. 
These included one check and three other plots which received 1.5, 2.0, and 
3.0 times the normal, respectively. This ‘‘normal” is the average amount 
of rainfall for the months included in the growing season at Wooster, Ohio, 
as determined by the Weather Bureau station during the past 40 years. 
Thus the plot represented by 1.5 N received an amount of water which ex- 
ceeded that which would normally fall on the plots by 50 per cent., the 2.0 
N an excess of 100 per cent., and the 3.0 N exceeded the check by 200 per 
cent. Since the rainfall was very deficient during the summer of 1930 these 
relative values did not obtain, as will be shown later. 

1 Published with the approval of the Director of the Ohio Agricultural Experiment 
Station. 
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The methods used in making the water-supplying-power determinations 
were the same as those described by the junior author (6) in a seasonal 
study of lawn grasses in relation to the water-supplying power of the soil. 
The usual form of porous porcelain soil point was employed. This instru- 
ment has an absorbing surface of approximately 12 square centimeters. 
The points were placed with the aid of a dibble. The depth of insertion 
was such that the mean depth of the absorbing surface was six centimeters. 
The period of exposure was one hour. Pour soil points were used on each 
grass species on each plot for each set of determinations. Thus, the values 
representing the water-supplying power of the soil in each instance are the 
average of four instruments. The determinations were made at irregular 
intervals during the months of June. July and August, the dates being de- 
termined largely by the general weather conditions. 

The state of Ohio experienced a very severe drouth during the season of 
1930 and the months of June, July, and August were especially dry, warm 
and sunny. As a result not only the check plot mentioned above, but many 
lawns suffered severely from a lack of soil moisture. The fact that the 
grasses on the check plot became very brown and were retarded in growth 
while those on the artificially watered plots remained green and grew well 
made this an excellent season to carry on this water-supplying-power study. 
The rainfall for May at Wooster, the data of which are included here be- 
cause of the influence of the precipitation of this month on the soil moisture 
conditions in early June, was only 40.5 per cent, of the normal. For the 
months of June, July and August the percentages were 71.9, 42.1, and 74.8 
of the normal, respectively, or the rainfall for the four months taken as a 
group was 56.8 per cent, of the normal. In comparison with these data, 
the evaporation totals, as determined with blackened, standardized Liv- 
ingston spherical atmometers, were very high. For the months of May, 
June, July and August the rates were 19.4, 66.6, 77.1 and 48.0 per cent., 
respectively, in excess of the average for the same months of 1928 and 1929. 
If the four months are considered as a single period, the excess is 52.8 per 
cent, over the 1928-29 average. The mean temperatures for these four 
months were from one to three degrees F. above their normals. This com- 
bination of low rainfall and high evaporation rates, together with an excess 
of sunshine and temperature, brought about the very severe drouth ex- 
perienced at Wooster in 1930. 

Since the rainfall for the period including the months of June, July and 
August was only about 60 per cent, of the normal, the check plot did not 
receive its usual amount of water. This means that the artificially watered 
plots instead of receiving the indicated percentages in excess of the check 
actually received more than these. For instance the 1.5 N plot received 83 
per cent, more water than the check instead of the indicated 50 per cent. 
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Thus 1.5 N became 1.83 N while 2.0 N was 2.67 N and 3.0 N was 4.33 N 
when these values are computed on the basis of the check. This variation 
in the relative amounts of water applied to the different plots cannot be 
avoided since in years when the rainfall exceeds the normal there is no 
practical way of decreasing the amount falling on the plots. 

The water-suppl 3 Hing power of the soil in a restricted area having a uni- 
form slope and vegetation covering is chiefly influenced by the quantity of 
water falling as rain and by the evaporation rate. If water is added arti- 
ficially it too must, of course, be considered. Figure 1 shows some of the 



Fig. 1. Graphical representation of rainfall (heavy, vertical lines), evai)oration 
rates (dash line), and the water-supplying poiver of the soil of the check plot (full line 
closely paralleling the base) and an average of the values for the plots receiving 1.6 
and 2.0 times the normal falling as rain (upper full lino). The capital letters at the 
top indicate the dates of adding water to the 1.5 and 2.0 N plots. 

relations which existed over a period of three months between the water- 
supplying power of the soil in the grass plots studied and the environmen- 
tal factors of rainfall, rainfall plus irrigation, and the evaporating power of 
the air. The full line, which closely follows the base line of the graph over 
part of its length, represents the water-supplying power of the soil on the 
check plot. This plot, as stated earlier, received only what water fell as 
rain during the period of observation. The values indicated are averages 
of those obtained for all three of the grass species on the plot. The full line 
in the upper part of the graph shows similar values obtained by averaging 
those obtained on the 1.5 N and 2.0 N plots. The dash line indicates the 
average daily evaporation values, in terms of cubic centimeters, the aver- 
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ages being determined for intervals varying in length according to the dates 
on which soil-point determinations were made. The heavy vertical lines 
represent the rainfall in inches and indicate the dates on which the rains 
occurred. The dates on which water was artificially added to the two plots 
included in data shown in the upper full line are indicated by the letters 
at the top of the graph. 

The water-supplying power of the check plot was very low in early 
June after the very light rainfall of May. The rains of June 16, 17 and 
18 moistened the surface soil enough to give a value of 424 on June 19. 
This was not equaled again until August 26, w^hen 446 milligrams of 
water were absorbed per soil point per hour at a depth of six centimeters. 
On July 3 the water-supplying powder on the check plot had fallen to a 
value of 32 in spite of the rains of June 24. 26 and 30. The light rains 
occurring between July 3 and August 14 had very little influence on the 
moisture content of the soil since none of the soil point values exceeded 31 
milligrams during this period. The grasses on this plot remained very 
browm and in a poor vegetative condition throughout the period. The 
fescue w^as least injured, the other two species suffered equally as far as 
could be determined by a casual examination. The Avater-supplying power 
of the 1.5 N and 2.0 N plots showed maximum values on the same dates as 
the check, indicating that these were dates of high moisture values even on 
well watered areas. The low’ rainfall and high evaporation rates of the 
last half of July brought about a gradual drying out of the soil even on 
these artificially watered plots. The very low’ value of July 31 was unex- 
pected but it may be noted on the chart that this came after a period of 
high evaporation and low’ rainfall and, w’hat is also significant, eight days 
after the last previous application of W’ater. The total evaporation from 
the blackened sphere for this period of eight days w’as 512 cc. or sufficient 
according to Wilson (5) to correspond to a very considerable decrease in 
the w^ater-supplying pow’er if no rain intervened. Only about 0.35 of an 
inch fell during this period. Each of the three species of grass remained 
in good condition on these two plots throughout the summer. The water- 
supplying power of the 1.5 N plot, which was of course drier than the 2.0 
N, showed no average values for the three species which w^ere less than 500 
milligrams and only two of the 33 determinations made on this plot w^re 
below^ this amount. These w’ere both on Kentucky blue grass. This value 
of 500 mg. per soil point per hour at the 6-cm. depth was the one deter- 
mined by Wilson (6) to represent a supplying power which should alw^ays 
be sufficient for good grow’th of lawn grasses. That this w’as also sufficient 
in this instance is shown by some of the data presented in the following 
paragraphs. 

Figure 2 presents a comparison between the water-supplying pow’er of 
the soil for three of the plots and the yield of grass which they produced 
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durinir the period made up of the months of June, July and August* The 
water-supplying-power values are represented by the dash line. The value 
shown for each plot, or water treatment, was arrived at by including all 
three species for the eleven dates, that is, an average of 33 determinations* 
The yield values, shown by the full line, include two species only — ^blue 
grass and fescue — and represent the total weight in kilograms of grass 
removed from each plot during the three months mentioned above. The 


Fro. 



2. The water supplying power of the soil of the check plot and of those receiving 
1.0 and 2.0 times the normal falling as rain (dash line) compared to the 
yields of grass for the months of June, July and August, 1930. 


yit*Id of the 1.0 N plot was low in comparison with that on the other two 
plots. On the other hand, the yield of the 1.5 N plot was nearly equal to 
that of the 2.0 N area. The average water-supplying-power value of 1.0 N 
was only 98 milligrams and if the two determinations of June 19 and 
August 26 are not included the average is only 23 milligrams for nine 
different dates. This value is far below the 500-mg. value previously men- 
tioned and is also well below the value of 100 mg. which Livingston and 
Ohga (4) and Wilson (6) found to be a minimum below which grasses 
would be definitely injured through a lack of water. The average "water- 
supplying power on the 1.5 N plot was about 1600 mg. or well above the 
500-mg. value. The corresponding average on the 2.0 N plot was about 
2,250 mg. Thus while an average water-supplying power below 100 mg. 
was insufficient for good growth of grass, one of 1,600 mg. was sufficient 
and nearly as good as one of 2,250 mg. The applications of water beyond 
that placed on the 1.5 N plot seems to have been unnecessary even in a 
season as dry as that of 1930. Also it is possible that the use of some 
amount even less than 1.5 N w^ould have given nearly as good groiyth. 
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Figure 3 is similar to figure 2 except that it includes data from the 3.0 
N plot and covers only the months of June and July, during which eight 
determinations of the water-supplying power of the soil were made. The 
slope of both lines is again much greater from 1.0 N to 1.5 N than from 



Fig. 3. Similar to figure 2. Data for the 3.0 N plot is added but only the months of 

June and July are represented. 


1.5 N to 2.0 N and the increase in jdeld was almost negligible from 2.0 N 
to 3.0 N. The water-supplying power of the soil continued to increase up 
to 3.0 N where it reached a value of over 2,800 mg., but this was clearly of 
little importance in increasing the yield of grass over that on the 1.5 N 
plot with a water-supplying-power value of about 1,500 mg. If the use of 
water in excess of that added to the 1.5 N plot was questionable in con- 
sidering the data of figure 2, then the addition of the extra amount on the 
3.0 N plot as shown in figure 3, was clearly unnecessary. 

The water-supplying power of the soil under each of three grasses at 
three different water treatments is shown in figure 4. Each value indicated 
is the average of the eleven determinations made on a given plot section 
during the months of June and July and August. The full line shows the 
water-supplying power of the sections bearing Chewing’s fescue. The 
dash line represents the Washington bent grass and the dotted line that of 
the portions planted to Kentucky blue grass. During these two months the 
soil under the Kentucky blue grass supplied less water to a soil point than 
that under either of the other two species. However, it was not very differ- 
ent from the sections bearing Washington bent grass, being equal to or 
greater than the latter in some instances. The average values obtained 
for Chewing’s fescue were considerably above those for the other two 
grasses, being about 60 per cent, greater than that for Kentucky blue grass 
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Rutt of water apfjhcatioN 

Pio, 4. A comparison of the water -supplying power of the soil under Chewing ^s fescue 
(full line), Washington bent grass (dash line), and Kentucky blue grass (dotted 
line), with three water treatments for the months of June, July and August. 

on the 1.5 N plot and on some of the dates involved it was two or three 
times as great. Since equal quantities of water were applied to each 
species of grass on each plot this diiference in the water-supplying power 
of the soil with the different grasses must have been due to some difference 
in the rate of water use. The narrow-leaved fescue apparently did not 
place as great a demand on the available soil moisture supply as the other 
two forms and this may be one of the reasons why the fescue remained 
green much longer than the bent or blue grass with the beginning of drouth 
conditions during the past summer. In an unpublished study by the junior 
author, in which the response of 17 different species of grass to a progres- 
sive decrease in the water-supplying power of the soil w^as observed, it was 
found that the fescues as a group were more drouth resistant than the bent 
or blue grass forms. This study also indicated that none of the forms 
tested, with the possible exception of some of the fescues, could survive an 
extended period during which the w^ater-supplying power of the soil was 
below" 50 mg. This W"as the case during the past summer for the three 
species growing on the check plots. The water-supplying power of the soil 
under all three species was below this value during most of the summer, 
the value of the fescue section being nearly as lowr as that for the other 
two sections as is shown in figure 4. 

Figure 5 is similar to figure 4 except that it includes the data for the 
S.O N plot and covers only the months of June and July during which eight 
determinations of the water-supplying power of the soil were made. The 
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Rate, of water aff^Lcaiiow 

Fig. 5. Similar to figure 4. Data for four water treatments for the months of June 

and July only. 

data are similar to those shown in figure 4. The values for the fescue are 
still %vell above those for the other two species, being relatively less in 
excess at 2.0 N and 3.0 N than at 1.5 N. In this case the blue grass section 
of the 2.0 N plot gave a higher average value than the bent grass section, 
but indicating again that there was little difference in the rates at which 
these two si)ecies use water. 


Summary 

The water-supplying power of the soil under three different species of 
lawn grasses was determined at intervals in the months of June, July and 
August diiring the summer of 1930 at Wooster, Ohio. The grasses w’ere 
Kentucky blue, Chewing’s fescue and Washington bent. Pour different 
water treatments were included in the study. One plot received no water 
in addition to that falling as rain, a second received an additional amount 
equal to 50 per cent, of the normal rainfall, a third 100 per cent, of this 
normal and a fourth 200 per cent. 

The usual form of porous porcelain soil point was used, this being in- 
.serted to a depth of six centimeters and left in the soil for a period of 
one hour. 

Data on such environmental factors as rainfall and evaporation rates 
are given. The rainfall was very low, only about 60 per cent, of the normal 
for the months of May, June, July and August. This deficiency, of course, 
disturbed the intended ratio of 1 to 1.5, to 2.0, and to 3.0 for the different 
plots. The evaporation rates were far above the average for the summers 
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of 1928 and 1929. This high water loss aggravated the dry conditions 
which normally would have resulted from such a lack of rainfall as existed 
and in consequence a very severe drouth was experienced. 

The water-supplying power of the soil on the three sections of the check 
plot was below the critical value of 100 mg. during most of the 3-month 
period involved and the grasses were browm and dry. The other plots were 
usually well over the value of 500 mg. above which most lawn grasses do 
not suifer from a lack of soil moisture, and each of the three species re- 
mained in good condition throughout the experimental period. 

The yields were nearly as good from the 1.5 N plot as from either of 
the others, each of w’hich received an additional amount of water, indicat- 
ing that amounts in excess of those which will maintain a water-supplying 
power of the soil at 500 mg. or above are not required to obtain good top 
growth of lawn grasses. 

The water-supplying power of the soil under the fescue was greater in 
nearly every one of the 41 determinations involved. Its average value for 
11 dates on the 1.5 N plot was about 60 per cent, greater than that for 
the Kentucky blue grass. The values for the latter and Washington bent 
were quite similar, the bent usually being slightly higher. These results 
suggest that the narrow-leaved fescue i)laces a smaller demand on the 
available soil moisture than the other two broader-leaved forms. This, 
together with the fact that it enters a drouth period with a greater reserve 
of soil moisture is probably a significant factor in enabling this species to 
survive drouth periods better than many other forms such as the bents and 
blue grasses. 

Ohio Agriculti ral Experiment Station, 

Wooster, Onto 
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MOVEMENT OP WATER IN PLANTS AS AFFECTED BY A 
MUTUAL RELATION BETWEEN THE HYDROSTATIC 
AND PNEUMATIC SYSTEMS^ 

E. M. Haevey 
(with five figures) 

When one considers the vast accumulation of literature dealing with 
the problem of water movement in plants, the paths of its conduction, the 
nature of the structural elements involved, the possible sources of energy 
required, and the mechanics of its application, it seems rather late to offer 
another suggestion. Yet the purpose of this paper is to call attention to a 
certain phenomenon of water movement in plants, and to suggest an 
explanation of it. 

Recently during a series of studies on the paths of conduction, or rather, 
of least resistance, between different parts of apple branches by means of 
dye solutions, the following situation was repeatedly observed. Whenever 
suction is applied to one cut-off branch and a dye solution to another, even 
though the latter is located at considerable distance from the former, the 
dye enters the main stem and then streams, not only through the conducting 
elements toward the source of suction pull, but also rapidly and directly 
away from it. There were certain variations in the path taken by the dye 
solutions, depending on whether or not the suction was applied ‘ * above 
or “ below the source of the dye solution, or on the relative ages of the two 
branches under observation. These details will be considered later, but the 
interesting thing alw^ays evident was this, that there seemed to be some 
force acting definitely and in somewhat the same strength, both toward 
and away from the source of suction. 

This opposite-acting force w^as at first assumed to be saturation deficit, 
but the idea was discarded when it was found to require hours for dye solu- 
tions without suction to traverse distances which could be accomplished in 
2 to 15 minutes with suction. 

It w^as then thought possible, since the suction connections had always 
covered the bark of the cut-off branches, that the negative pneumatic ten- 
sion had been propagated more rapidly through the cortex than through the 
xylem to points hey and the branch receiving the dye solution, and that the 
negative tension at such points had in some manner been translated radially 
to the xylem, thereby causing the dye solution to be drawn away from the 
suction force. Again, this idea had to be abandoned when it was found 
that if the bark were completely removed, the same phenomenon persisted. 

1 Published with the approval of the Director as Technical Paper no. 142 of the 
Oregon Agricultural Experiment Station, 
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It now became necessary to face the conception of a hydrostatic-pneu- 
matic system in the xylem, a conception which has been so well brought 
forward through the extensive and critical researches of MacDougal (1, 2) 
and recently and, more particularly, hy MacDougal, Overton and Smith 
(3). In the latter work it was shown that there is not only a definite water 
conducting portion in each annual ring, but also a gas-containing one. 
These portions of an annual ring were designated, early spring, spring and 
late summer wood, and the function of each as regards water conduction or 
gas-containing seemed to be more or less fixed for each species. This work, 
therefore, presents definite information as to the relative location of the 
hydrostatic and pneumatic systems of certain plants. Overton ( 4 ) has 
just announced that the relative areas occupied by these two systems in a 
given plant vary with the season. 

The results of a particular series of experiments of JVIacDougal, Over- 
ton and Smith (3) bear directly upon the present question. These inves- 
tigators fixed several air-connected manometers into a tree at varying 
distances apart and then applied suction. The manometers located directly 
above and below the point of suction responded quickly to the negative 
tension, but those on the opposite side of the tree trunk responded very 
slowly or not at all. The authors, however, observed no consistent response 
in the hydrostatic system to variations of tension in the pneumatic. 

But in order to explain the results to be reported in the present paper, 
it seems necessary to assume a definite interaction between the hydrostatic 
and pneumatic systems, and that the pneumatic system can, under certain 
conditions, become a factor in aiding water movement in plants. 

To illustrate this supposed interaction between the two systems, a few 
typical experiments ^\i]l be described. 

I. The quickest and simplest type of experiments for showing an inter- 
action between hydrostatic and pneumatic units'-^ in plants is as follows : 

All apple branch,® say two to four years old, is connected wuth a 
source of suction at the basal end. Now cut off a small side-branch leaving 
a stub at least 4r~6 cm. in length. Insert this stub into a beaker of dye 

2 By the term hydrostatic or pneumatic <‘unit^^ is meant that definite portion of 
xylem tissue which is directly connected wdth, and in the main normally supplies, any 
given sidehranch, so that such a ‘ * unit ^ ^ may be either relatively large or small depend- 
ing upon the size of the branch under consideration. 

3 All branches or parts of branches used were freshly cut, within a few minutes 
before each experiment, from much larger branches which had been brought from the 
orchard, usually within 24 hours. 

Such large branches vrere left out-of-doors where conditions were as in the orchard, 
that is to say^ moist, and temperature low, but not below 0® C. All material was in the 
state of winter dormancy. 
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solution and start the suction. Sometimes within a few seconds, usually 
within five minutes, the dye will have been drawn to the main stem, and 
moved from the point of juncture, “downward” toward the source of suc- 
tion, but at the same time a part of the stream of dye solution will have 
moved approximately an equal distance “upward”; that is to say, directly 
away from the source of suction. This experiment may be performed with 
or without removal of the bark. However, if the bark is previously re- 
moved, the movement of the dye can be followed readily; but if the bark is 
left intact during the experiment, it should be removed afterwards in order 
to observe results more easily. Pig. 1 shows the results of two such tests. 
Branch A was 4 years old and B was 3. The side branches (b-b) to which 



Fig. 1, Showing the movement of dye solutions in small branches when suction was 
applied at a and the solution at b, 

the dye solutions were connected were each one year old. The duration of 
the experiment was 5 minutes and the negative tension was equivalent to 
nearly 700 mm. of Hg. Under these conditions the dye solution was drawn 
entirely to the base (a-a) of each, or 14 cm. In A the dye solution also 
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streamed along a line directly upward from 6 to a distance of 27 cm. In 
B, there was a corresponding upward streaming of the dye from h, but it 
reached a point only 17 cm. above h on account of having been largely de- 
flected by branch c, one side of which the stream of dye entered and moved 
upward for about 10 cm. In such experiments as these the dye never 
leaves the hydrostatic unit of the side branch through which it is intro- 
duced. But if there is another side branch having a portion of its hydro- 
static unit in common with the first, then the dye will freely enter the other 
through, and only through, the common unit and will remain within it. 

This behavior of dye solutions in small apple branches is also character- 
istic for many other plants. The same behavior was noted for the Italian 
prune, pear, sweet cherry, sour cherry, Amelanchier alnifolia, Crataegus 
douglasii, Rosa 2 spp., red raspberry (var. Cuthbert), Loganberry, Ever- 
green blackberry (R, laciniatus) , Juglans cinerea, J. regia, Corylus avel- 
lana, Castanea deniata, Quercus garryana, Acer macrophyllum, and ^alix 
spp. Only two species tried have failed to respond in a manner as described 
above. These were Fraxinus oregana and the black raspberry (var. Plum 
Parmer). 

II. A second type of experiment was tried where the procedure was 
exactly the reverse of the preceding, that is, the suction was applied to a 
side branch and the cut-off base was placed in the dye solution. The re- 
sults, however, were the same as before, for when branches, which had been 
treated by this method were compared wuth specimens sncli as shown in 
fig. 1, it was difficult to distinguish them. The dye was drawn up from the 
base through the hydrostatic unit of the side branch in question, a portion 
of the dye passed into the brancli, but the rest streamed up the stem beyond 
the side branch apparentlj" against the suction force. 

III. Experiments of type IT above were modified to the extent that 
instead of placing the basal end into the dye solution, the stem was cut off 
above the suction attachment and that end placed in the solution. The 
resulting picture was somewhat different, although it still gave evidence of 
an interaction between the hydrostatic and pneumatic units. The char- 
acteristic results of this procedure are shown in B of fig. 2. Here the suc- 
tion was applied at b, wdth the dye solution entering at a. The dye moved 
freely toward 6 in a rather wdde stream, the middle part of which entered 
branch b, but mostly through its adaxial side. The outside portions of the 
stream passed around the base of b and moved rapidly in tw^o parallel 
bands down the main branch for 24 cm. The right hand band (see fig. 3 B) 
was itself divided by the presence of another side branch at c. The dye did 
not enter that part of the hydrostatic unit which supplied the outside face 
of h. The situation is relative, however, for if suction is prolonged, the 
dye will cross over into the remaining part of b fairly completely. The 
duration of this particular experiment was 6 minutes only. 
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Fig. 2. A. The direct and indirect effects of suction at a with dye solutions admitted 
at b and c, B. The effects 'when suction was applied at b and 
the dye solution at a, 

IV. While the foregoing? experiments seem to indicate an interaction 
within a single hydrostatic-pneumatic unit, and that this interaction causes 
definite water movement, they have not furnished evidence as to whether 
or not there is an interaction between separate hydrostatic-pneumatic units. 
It has been assumed so far, that the water movements recorded, especially 
those away from the source of energy, were caused by a more rapid propa- 
gation of negative tension through the pneumatic units, so that this tension 
riuickly passed around the greater resistance in the hydrostatic unit. In 
such situation it was then capable of applying itself to all points along the 
latter. W^henever the tension was transmitted in this manner to somewhat 
distant points, it caused water movements which appeared paradoxical. 

In all experiments described, the dye solution and suction force were ap- 
plied to the same hydrostatic-pneumatic unit. But the following experi- 
ments were designed to yield infoi*mation concerning a possible interaction 
between relatively distant hydrostatic-pneumatic units. 

The results of a typical experiment of this sort are shown in fig. 3. The 
material used was an apple branch, the main stem of which was 7 years 
old, and, near the bottom of the photograph, 5.8 cm. in diameter. Suction 
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Fiq. 3. A. Showing the mutual relation of the hydrostatic-pneumatic unit of branch a 
to that of branch &. B and C are cross-sections just below and above h of A. 

was applied at branch a. A dye solution was connected to the small side 
branch b which Avas situated 135® around the stem from brancli a, and 
about 35 cm. above it. Suction was allowed to act for 40 minutes. The 
bark was then removed as shoAvn. It w^as observed that the dye solution 
had entered the main branch and traveled 19 cm. upw^ards and about 40 
cm. downwards. It is here admitted that there are forces, e.g., saturation 
deficits, within such a branch capable of causing the dye solutions to be 
drawn in without suction, and afterwards the dye may be distributed in 
practically the same manner as in all cases described. There is this differ- 
ence, however, namely: wdth suction the distribution of the dye may take 
place in a few minutes while without it, many hours are usually required to 
produce a corresponding effect. 

In the results of this type of experiment, there are some points of 
especial interest. First, it was apparent that there was a cross transfer- 
ence of negative tension betw^een separate pneumatic units, but practically 
no cross-transference betw^een corresponding hydrostatic units. Note C 
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and B in fig. 3. These are photographs of cross>seetions made just above 
and below b to show how strictly the dye solution is confined to the hydro- 
static unit of b. At no point below did it show any tendency to leave this 
unit in order to move toward the source of suction at a. This result is 
interesting because it indicates that the pneumatic units of a stem, being 
relatively more in communication than the corresponding hydrostatic units, 
can transmit a negative tension from one hydrostatic-pneumatic unit to 
another, and as a consequence cause work to be performed in other, perhaps 
distant, hydrostatic units. 

Experiments of the above type were carried out with a number of 
different combinations of “hook-ups,” some of which yielded surprising 
results. An interesting, though simple one, is shown at A in fig. 2. The 
main stem was 7 years old and about 5 cm. in diameter. Branch b was 6 
years old, branch a, 5 years and the stub c 2 years old. (The entire branch 
was cut back after the experiment while observing results). Suction was: 
applied at a: the entire cut surface of b was placed in a solution of light 
green dye; and c was connected with a solution of trypan blue. After 
suction had acted for 35 minutes, the experiment was stopped and the 
bark removed. It was found that the light green dye had entered at b and 
passed over into u, but only in the hydrostatic unit -which branches a and b 
shared in common. However, in addition, the green dye had streamed 
down the main stem for 44 cm. from the junction of the two branches. 
The cros.s-section of the main stem (now at the bottom of the photograph) 
showed the green color as a semi-circular band outlining the hydrostatic 
unit supplying the adaxial faces of b and a. The trypan blue entered at c, 
but since this shoot was a relatively recent addition to this branch system, 
it possessed only a thin hydrostatic-pneumatic unit which had little or no 
hydrostatic connection with a or b. As a result the dye did not enter 
branch a but streamed down the main stem in its own tortuous (at the 
beginning) and shallow hydrostatic unit for 35 cm. running directly 
away from the .source of negative tension. 

Another experiment of the same general type as the above will be de- 
scribed. The general situation at the end of the experiment is shown as 
fig 4. It was carried out with an apple branch 8 years old and over three 
meters in length. Suction was applied at a, a branch 5 years old. Five 
mercury manometers, air-connected, to record pneumatic tension, were 
fixed in the main stem as follows : No. 1, directly below a at 27 cm ; no. 2, 
also directly below at 89 cm ; no. 3, directly above a at 21 cm ; no. 4, also 
directly above at 73 cm; and no. 5, directly opposite from a and at a 
distance of 110 cm. Then an eosin solution was connected to the three- 
year old branch b, situated about 90® around the trunk from a; trypan 
blue solutions were attached to the two-year old branches c and d situated 
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at 130® and 143® around the trunk respectively; and finally, light gre^n 
solution was attached to the two-year old branch e, situated approximately 
at 180 ® around from a. 

Suction was started and in less than 10 seconds the Hg in manometer 
no. 3 was drawn into the boring, the negative tension having had to ex- 
ceed 18 cm. of Hg to produce this effect. Manometer no. 2 quickly regis- 
tered 14 cm. and no. 1, after a few minutes showed a negative tension of 
8 mm. At the same time, no. 4 showed a tension of 12 mm. One-half hour 
later no. 5 indicated a trace of negative tension, possibly 2 mm. In the 
meantime the entrance of the dye solutions was being observed. This was 
done by stripping off bark above and below connection points. It was 
noted especially, how, in spite of the fact that manometer no. 5 had not 
yet recorded any negative tension, the dye solution had entered at e, 
located only 17 cm. below this latter manometer, and had moved both up- 
ward and downward 3.5 cm. and 4.5 cm. respectively in 15 minutes. The 
experiment was stopped in one hour and thirty minutes. The extent of 
the movement of the dye solution was as follows : From h the eosin moved 
upward 37 cm. and downward 18 cm.; from c the trypan blue moved up- 
ward 85 cm. and downward 12 cm.; from d the same dye moved upward 
48 cm. and downward 16 cm.; and from e the light green had gone upward 
32 cm, (but had been almost completely blocked by the boring for manom- 
eter no. 5), and downward 68 cm. 

The results of this experiment indicate how water movements can be 
induced in a number of hydrostatic-pneumatic units simultaneously, by a 
negative tension originating in one of them, and being transmitted to the 
others through the several pneumatic units. 

The re.sponses of the pneumatic manometers in this experiment agree, 
in the main, with the more extensive results recorded by MacDougal, 
Overton and Smith (3). But it is interesting that water movement is 
initiated in a hydrostatic unit in response to a negative-tension originating 
in a relatively distant one, even though that ten.sion is not strongly indicated 
by means of a pneumatically connected manometer in the vicinity of the 
former. 

It should be mentioned in passing, that the relative location of the hy- 
drostatic and pneumatic systems in each annual ring of the apple tree, 
during December is this: the hydrostatic system occupies the early 
spring’’ and “spring” woods, and the pneumatic system the “late sum- 
mer” wood only. AVhether or not the pneumatic system encroaches upon 
the other during the summer months has not been determined, but consid- 
ering Overton’s ( 4 ) findings, it would seem likely. 

V, A model was constructed to illustrate the possible mechanism by 
which a hydrostatic and a pneumatic unit in the plant interact. A model 



504 


PLANT PHYSIOLOGY 


of the sort is shown in fig. 5. It is extremely simple and can be assembled 
in any laboratory within a few minutes. The glass tubing used has an 
outside diameter of about 7 mm. That portion of the model indicated by 
cross-hatching is tightly filled with white sand of 20-40 mesh, and kept in 
place by cotton plugs. Tube A is connected to an aspirator for suction, 



Pig. 5. A mechanical ^ * hydrostatic-pneumatic iinit.^’ 

D is connected to a short glass tube having a right angle bend so that it 
can be transferred at will from a beaker of distilled water to one of dye 
solution or vice versa, and E is connected with a distilled water supply. 
To make the demonstrations, close clamp no. 2, open clamps nos. 1 and 3. 
After B and D are connected to their water supplies, start aspirator. 
When section B has thoroughly filled with water, it represents an hydro- 
static unit of a branch and a cut-off side branch, through which a dye solu- 
tion is to be drawn. C of course represents the corresponding pneumatic 
unit, but at the first stage of the demonstration it is prohibited from act- 
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ing by the closure of clamp no. 2. Now with aspirator still on, close clamp 
no. 3 and place D in a dye solution. When clamp no. 3 is reopened the 
dye solution will now enter into the ‘‘main branch,” and will, if the nega- 
tive pressure is kept constant, stream toward A only. Next open clamp 
no. 2. thus bringing the pneumatic unit into action. At once the dye solu- 
tion will commence to stream “upward” through B also and will continue 
until it reaches the end of the tube.* The behavior of the dye solution in 
the model resembles so much what one sees while performing the type of 
experiment recorded in section T, that it is difficult to refrain from judging 
the two mechanisms essentially the same. However, within a plant, the 
negative tension would be transferred from the pneumatic to the hydro- 
static unit at numerous points, if not almost continuously, along the path. 
It may be also suggested that if a number of such models, or mechanical 
liydrostatic-pneumatic units, should be connected through their “pneu- 
matic systems,” each one would perform the same work when a negative 
tension is applied to any one of them. The interaction of this multiple 
system might be compared to what goes on in the several hydrostatic- 
pneumatic units of a stem. Yet the comparison is not entirely fair, on 
account of the obviously greater resistance between pneumatic units in a 
stem, and the loss of tension from air entering through lenticels. 

In this paper there lias been enough “discussion” in the introductory 
paragraphs and during the description of experiments, to leave little more 
desirable. It remains to say, however, that the significance, if any, of the 
results reported herewith, lies in the possibility of a functional relation 
between the hydrostatic and pneumatic systems in plants affecting water 
movements. How important the function really is under natural condi- 
tions, while transpiration is active, this paper offers no evidence. Never- 
theless, the seeming fact that there is a mechanism which permits a nega- 
tive tension in one hydrostatic-pneumatic unit of a stem to be propagated 
relatively quickly to other units, and in them to cause work to be done 
(i.e., movement of water), is worthy of consideration. YThenever calcula- 
tions are made as to the total energy required to move a given quantity 
of water through a given length of stem in a given time, the recognized 
high hydrostatic resistance of the xjdem is always taken into account. The 
re.sulting figures are frequently very large. Is it not possible that a more 
facile transmission of energy through the pneumatic units, and the conse- 
quent application of this energy all along the hydrostatic path, might lower 
the value of the previously calculated total energy requirements for the 
rise of the transpiration stream? 

Oregon Agriccltural Experiment Station, 

Corvallis, Oregon. 

^ To clean apparatus close clamp no. 2, open clamp no. 3, and transfer I) back to 
the water supply, leaving suction on. 
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EXTERNAL POLARITY POTENTIALS IN THE APEX OF THE 
DOUGLAS FIR BEFORE AND AFTER MECHANICAL 
STIMULATION 

E . J . liU N D 

(with pour figures) 

Introduction 

In previous work on the electric polarity in the Douglas fir Lund (1, 
2, 3) attention was limited to the phenomena occurring in the main axis 
and lateral branches of the tree. The measurements of P. D. which in- 
cidentally were made upon the apex of the main stem and the first apical 
whorl of lateral branches showed a small or at times even a reversed polarity 
LI'ND (2, tables 1 and 2). Since most of these measurements were neces- 
sarily- made out of doors under conditions which involved mechanical 
stimulation of the tips by slight wind movements, and also involved a 
method of taking readings of the P. D. ’s by gently bending the tips of the 
apex and branches into cups, it seemed desirable to make a separate study 
of the electric polarity of the extreme apical region of the main axis and 
lateral branches under more uniform laboratory conditions. 

The present measurements were made upon actively growing freshly cut 
tips whose cut ends were immersed in water. Electrode contacts were made 
as usual with narrow strips of loose cotton, carefully placed around the 
axis between the leaves, and saturated with tap water. Frequent washing 
of the electrode contacts and measurements of the electrodes show-ed that 
the electrodes and contacts never varied more than one millivolt during the 
readings. This fact should be remembered when considering the curves of 
figures 1, 2, 3, and 4 presented here. All measurements were made with 
the potentiometer and consequently we are not concerned with possible 
variations in electrical resistance. 

Many tips of lateral branches and main axes were studied with care, but 
all gave the same type of result. In view of this fact the details of only 
two typical experiments will be given, one upon the apex of a lateral branch 
and the other one on the apex of the main stem. 

External polarity potentials in the apex of a lateral branch 

A lateral branch from the low’er middle region of a ten year old tree 
was cut 49.0 centimeters from the apex of the branch. The branch w-as set 
up in its original horizontal position. Electrode contacts were made at 
A, B, C, D, E, and F as indicated in the diagram of figure 1. The lengths 
of the segments AD, BD, CD, DE, EF, and FG were 32.5 cm., 20.0 cm., 
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Fig. 1. The diagram at the top of the figure represents the end of a lateral branch, 
A, B, C, D, E, and F are the points at which tlie electrode contacts were made. G is 
a cup contact filled with tap water and inserted into the pith of the stem. The actual 
lengths of the segments AD, BD, CD, DE, EF, FG were respectively 32.5 cm., 20.0 
cm., 19 cm., 6.5 cm., 7.8 cm., and 2.5 cm. Potential differences between the external con- 
tacts were made at the times indicated on the abscissa. The preparation was mechanic- 
ally undisturbed during the experiment. Curve AF shows the magnitude of the P.D. 
between contacts A and F during the experiment. Calculation shows the ordinates of 
AF to be equal to the sum of the ordinates of the curves AD, DE and EF. Note that 
the polarity of AD is greater than BD and CD. Also note that the absolute amounts 
of the variations of electric polarity in AD, CD and BD are greater than the variations 
of DE or EF. The room temperature is indicated by the curve at the top. 
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19.0 cm., 6.5 cm., 7.8 cm., 2.5 cm., respectively. The diameter of the stem at 
the cut end was 7 mm. A bent glass funnel, G, filled with tap water was 
inserted to a distance of 5 mm. into the pith at the basal end of the stem. 
This served as an electrode contact for measurements of radial potentials. 

The cut branch was taken to the laboratory and set up at 9 : 00 A. M. It 
was left without mechanical disturbance throughout the period of the 
experiment. The first measurements were taken at 3:45 P. M. the same 
day and thereafter at intervals as indicated on the abscissa in figure 1. The 
range of variation of room temperature is given by the upper broken curve. 
The external P. D. between A and F during the experiment, which lasted 
twenty-eight hours is given by the curve AP. The P. D. between the con- 
tacts at A, and at D is given by curve AD. The curves CD, BD, DE, EP 
similarly give the magnitudes and variations of the external P, D. between 
the corresponding contacts. 

Inspection of the curves shows that the electric polarity of the main apex 
AD is at all times greater than that of CD or BD, except at the last reading 
when the polarities of BD, and AD are practically equal. The polarity of 
BD, is always greater than that of CD. Experiments on other lateral 
branches gave similar results. We may therefore conclude that the greater 
electric polarity of the main axis is a general characteristic of the main axis 
and corresponds in part to its greater length and dominance in growth. 

One of the interesting facts about the curves is that the absolute range 
of variation of the P. D. is very large and greatest in the apexes AD, BD, 
and CD. This fact has already been shown in a more convincing manner 
by experiments on the main axis of the whole tree. See Lund (1), curves 
in figures 8 and 9, pp. 14-15. 

Prom these observations we conclude that the range of variation of 
the external electric polarity of a branch or of the main axis of the tree 
increases even up to the extreme apical end. However, since the apex of 
the main axis of a normal tree is, under ordinary conditions, always electro- 
positive to apexes of all lateral branches, Lund (2), the apex of the main 
stem shows the greatest range of variation in electric polarity. This fact 
obviously corresponds in some way to the fact of its dominance in growth 
and range of variation in rate of growth. The interesting problem of this 
intimate relation of the mechanism of electric polarity to dominance in 
growth w’^e shall consider in a later paper when a sufficient number of 
other essential preliminary facts have been presented. 

Curve AP is the observed P. D. between contacts A and P. Calcula- 
tions show that each measurement of P. D. between the contacts A and P 
is equal to the sums of the P. D.’s between A and D, D and E, and E and P 
if taken at the same time. This is another illustration of what the writer 
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has called the “principle of summation of E. M. F.’s’^ along the main axis. 
A critical examination of all the facts which establish the validity of this 
principle will be presented in a later paper because of its evident impor- 
tance for the phenomena of cell correlation. 

The measurements of P. D. between contacts G and P, taken at the same 
times as those represented by the curves in figure 1 were small and showed 
that P was electronegative to 6, the center of the stem, during the first 
part of the experiment. This orientation is in agreement with all previous 
observations on the radial potentials in the Douglas fir. The observed 
maximum P. D. was 7.5 millivolts. However, in the latter half of the 
period the P. D. decreased and became inverted, amounting finally to the 
small value of 3.5 millivolts. 

It is of course very probable that cells near, and at some distance from, 
the cut end were injured and therefore the radial polarity between G and 
P became modified. It is of interest to note that all the measurements of 
P. D, between 6 and the contacts E, D, C, B, A increased successively from 
E to A. In all these measurements G was always electronegative to the 
other points in the external circuit. The curves for these measurements 
are not given because they bear upon a different problem, namely the in- 
ternal distribution of the correlation potentials in the stem and a})ex. A 
paper to be presented later deals with this question. 

External polarity potentials in the apex of the main stem 

1. Relative magnitude.^ of the polarity potentials in the apex before 

STIMULATION 

The apex including the first whorl of a ten year old Douglas fir, W'as 
cut off 87 centimeters from the apex and removed to the laboratory. The 
preparation was placed in an erect position with the basal end immersed 
in a dish of water. Electrode contacts were attached at the points A, 
X, Y, Z, and O as indicated in the diagram at the bottom of figure 2. 
Measurements of the polarity of the segments OZ, ZY, YX, and XA were 
made at intervals during a period of 27 hours. The typical curves of the 
electric polarity at three different times during this period are given by 
curves 1, 2 and 3 in figure 2. Every precaution was taken to prevent the 
least mechanical disturbance of the preparation during the total 27-hour 
period when the measurements were taken. The variations in the polarity 
shown by the curves are therefore not due to mechanical effects, but prob- 
ably due to temperature variations in the tissues and in the room. How- 
ever, the latter only varied between 18.9° C. and 19.° C. during the mea- 
surements. See temperature curve in figure 3. 

The significant fact shown by the curves is that in the unstimulated 
condition of the apical segment the local electric potentials increase quite 
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Fig« 2. The curves show the progressive increase iii electric potential in the apical 
region of the main axis of a Douglas fir. (Same preparation as that used for curves in 
figure 3). The diagram of the main axis at the bottom is drawn to scale. The lengths 
of the segments OZ, ZY, YX and XA are respectively 12 cm., 17 cm., 21 cm., and 21 cm. 
The P.D.'s between the contacts are given in the curves. The electric polarities in the 
absence of mechanical disturbance varies from time to time as illustrated by the slopes 
of the three curves. These curves should be interpreted in connection with the curves 
in figure 3. 
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regularly to a maximum at the growing point. We conclude therefore 
that the orientation of the electric polarity of the main part of a normal 
stem as fully described elsewhere, continues to the extreme apical growing 
point at the apex. The same statement applies to actively growing lateral 
branches. In the following paper we shall develop the significance of the 
above facts for the problem of internal distribution of the correlation poten- 
tials in the tree. 

During the 27-hour period of the above experiment, other measurements 
were made of the external polarities in this same preparation. The times 
of the measurements are given on the abscissa in figure 3. Contacts were 
also made at the beginning of the period at the apexes A, B, C, D, E and 
F and the base Z of the lateral shoots of the first w^horl. These contacts 
permitted a determination of (1) the magnitude of the electric polarities 
of the individual segments AZ, BZ, CZ, DZ, EZ, and FZ, and (2) the 
difference between the polarities of AZ and each one of the lateral shoots 
BZ, CZ, DZ, etc., under conditions of practical absence of mechanical dis- 
turbance in the system. These measurements of polarity are given by the 
curves in figure 3. The temperature of the room during the period is indi- 
cated by the corresponding curve in the figure. 

The outstanding fact which is shown by the curves is that the electric 
polarity of AZ is always much greater than that of BZ, CZ, DZ, EZ, and 
FZ. Consequently the apex A is always electropositive to all the other 
tips B, C, D, E, and F. The lateral shoot DZ, consistently showed the 
largest polarity among the lateral shoots in spite of the fact that its length 
was less than that of CZ and EZ. Obviously the magnitude of electric 
polarity in the unstimulated condition is not strictly proportional to length 
of the tips even at the apex of the tree. The end of curves BZ and FZ 
illustrate the fact that without apparent mechanical stimulation from an 
external source the polarity of the apex of a branch may become inverted. 
The conditions which determine such ‘^spontaneous^’ variation in polarity 
are at present unknowm and will be considered at a later time. That the 
inverted polarity of the lateral shoot BZ and FZ during the evening read- 
ings at 5 P. M. and 8 ; 30 P. M. was not a permanent condition, is shown 
by the fact that these shoots as well as all the others exhibited a normal 
orientation of polarity at 8 : 00 A. M. the following morning. 

It may be that the diurnal rhythm in polarity w^hich occurs outdoors 
and which, as has been shown, is mainly correlated with the diurnal varia- 
tion in outdoor temperature, persists to some extent in the apex even when 
room temperatures are relatively constant. A thorough investigation of 
this interesting question will be undertaken at a later time. At present we 
are only concerned with the fact that during apparent absence of mechani- 
cal stimulus, the main apex is always electropositive to the apexes of the 
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Pig. 3. Curves showing the magnitude and variation of the electric polarities in 
the growing lateral shoots of the first whorl and the distal shoot AZ of the main axis, 
in the absence of mechanical disturbance and with a variation of room temperature as 
shown by the curve-temp. The lengths of AZ, BZ, CZ DZ, EZ and FZ were respectively 
63.0 cm., 30.0 cm., 35.5 cm., 31.5 cm., 35.0 cm., and 30.0 cm. Note that the electric 
polarity of AZ is the greatest, corresponding to its greater length and dominance in 
growth. The apex A was therefore electropositive to the apexes B, 0, D, E and F, 
throughout the period of over 27 hours during w’hich the preparation ivas mechanically 
undisturbed. Compare these curves of polarity with that in the main axis as shown in 
figure 2, 
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lateral shoots of the first whorl, and that this relation is maintained to a 
variable extent at least over long periods of time if not permanently. The 
results of many other experiments, which for the sake of economy of space 
cannot be reported, confirm this general statement. 

2. Increase, decrease, and inversion of the normal electric polarity 

OP THE APEX BY MEANS OP A MECHANICAL STIMULUS 

The results of the foregoing experiments constitute a background of 
facts for a comparison with the phenomena which result when the growing 
apex is stimulated mechanically. At 8:00 A. M. the next morning after 
the last reading in figure 3 was taken, another set of measurements of the 
polarities of AZ, BZ, CZ, DZ, EZ and FZ was taken. The orientation was 
normal in all of them and the polarity of AZ was as usual the greatest. 
Immediately after this set of measurements another set of readings were 
taken of the P.D. between A and B, A and C, A and D, A and E, and A 
and F. They showed of course what was to be expected, that the main 
apex A was electropositive to each one of the apexes B, C, D. E and F. 
This fact is shown in the first set of readings in the curves of figure 4. At 
8 : 45 A. M. each one of the tips of the lateral shoots was stimulated by a 
gentle stroke with a pencil. The P.D.’s between A and these tips were then 
immediately determined. The immediate rise in P.D.’s is shown by the 
curves in figure 4, The curves show’ that the lateral tips return to their 
former relatively more electropositive condition than that w’hich they 
showed immediately after stimulation. At 10 : 30 A. M. the same day the 
relative polarities had returned approximately to the normal. At 10 : 32 
A. M. the main apex A w as stimulated by a gentle blow w ith a pencil. The 
curves show that the apex A became electronegative to the tips of the lat- 
eral shoots. The recovery of its original polarity is shown by the remain- 
ing parts of the curves, readings for which w^ere continued for nearly three 
hours after application of the stimulus to A. It is evident that mechani- 
cal stimulation low^ers the electric potential in the region stimulated. Witli 
this old and familiar result, in all sorts of irritable tissues we have of course 
long been acquainted. But the important fact which is brought out by the 
above simple experiment is, that the mechanism which operates to produce 
a continuously maintained hut fluctuating electric polarity is in all proh- 
ability the same fundamental mechanism which is altered by mechanical 
energy applied to it in the process of stimulation. To clearly illustrate this 
linkage in the Douglas fir between continuously maintained electric polar- 
ity and the mechanism of irritability is one of the objects of this paper. 
Similar relations have previously been observed by the writer and Marsh 
(6) in roots. 
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Fig. 4. The curves illustrate the effect of a mechanical stimulus applied to each 
one of the apexes B, C, D, E, and F of the lateral shoots, on the P.D. ’s between these 
apexes and the unstimulated main apex A. When recovery from the stimulus of the 
apexes of the lateral shoots has occurred, stimulation of the apex A causes a decrease in 
its polarity so great that the apexes B, C, D, E and F become electropositive to A. The 
electric polarity of AZ may be temporarily inverted by such a stimulus. Inspection of 
the first part of the curve shows that the electric polarities of the lateral shoots may 
also be temporarily inverted by a mechanical stimulus. Recovery of normal orientation 
of polarities and return to electric dominance by A is shown by the last parts of the 
curves, for A again becomes electropositive to B, C, D, E and F. 

If the oxidation-reduction theory of the mechanism of electric polarity 
and internal correlation currents in polar structures as developed by the 
writer ( 4 ) applies to the Douglas fir in the same way as it has been shown 
to apply to the onion root, Ohelia stem, etc., then we are at once given the 
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interesting opportunity of showing how the flux equilibrium in cell oxida- 
tion is altered in the process of stimulation. The effect of stimulation upon 
the flux equilibrium in the oxidation system of the cell and its relation to 
electric polarity of the cell was briefly pointed out in an earlier paper by 
the writer, Lund ( 4 , pp. 279-280). The most recent evidence which indi- 
cates the relation between cell oxidation and the nerve impulse is of inter- 
est in this connection, e , g,y Schmitt ( 6 ). 

The decrease and reversal of electric polarity of growing points by 
mechanical stimuli also raises interesting questions as to the role of me- 
chanical stimulation and electric polarity in the development of form of 
plants and animals. For example, it may often be observed in the forests 
of the Northwest that two Douglas firs whose axes grow close to one another 
often form an apparently single symmetrical tree in respect to external form. 
The above experiments suggest the possibility that mechanical contacts of 
adjacent growing points bring about a mutual decrease in electric polarity 
of the stimulated points and consequently a decrease or even inhibition of 
apical growth. 

Summary 

1. In the normal unstimulated condition of the Douglas fir, Tsuga 
pseudotsuga, the main apex of a lateral branch maintains an electroposi- 
tive condition to all points on the branch below it. The main apex is also 
electropositive in the external circuit, to each one of the apexes of tlie first 
pair of lateral shoots. The electropositive condition of the main apex cor- 
responds to its dominance in growth. 

2. The usual range of variation in electric polarity in the unstimulated 
apex under laboratory conditions, is greater than in more basal parts of 
the lateral branch. 

3. The electric polarity previously described, in lower parts of the main 
axis has been found to continue as a regular increase in electropositive con- 
dition up to the growing point of the axis of the stem. 

4. The apex of the main axis in the unstimulated condition is always 
electropositive to the apexes of the shoots of the first whorl. This corre- 
sponds to the dominance in grow^th by the main apex. 

5. Spontaneous variations in electric polarity similar to those occurring 
in roots, occur in all apical growing points of the Douglas fir. The causes 
of these variations are not at present known. 

6. A mechanical stimulus applied to any apex decreases or reverses 
temporarily its electric polarity. In this manner the P.D. between the 
main apex and that of any lateral shoot of the first whorl may be (1) in- 
creased, (2) decreased or (3) reversed. 
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7. Since the electropositive condition of an apex is undoubtedly related 
in part to tlie physico-chemical process of growth within the apex, it is sug- 
gested that mechanical stimulation in nature may alter dominance in the 
growth processes in a corresponding manner to that by which it alters the 
electric properties of the growing point. 

8. The preliminary simple experiments in the present paper suggest 
that the physico-chemical mechanism of maintained electric polarity is the 
same as, or at least is a mechanism which is linked with, the mechanism of 
irritability of the living cells. This same conclusion also follows from pre- 
vious work in this laboratory on the electric polarity in roots. 

University or Texas, and 

PiGET .‘!ound Marine Biolooh'al Station. 
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SEASONAL CHANGES IN TOTAL, SOLUBLE, SOLUBLE-PROTEIN, 
NON-PROTEIN, AND INSOLUBLE NITROGEN IN CURRENT 
YEAR’S SHOOTS OP BARTLETT PEAR 

A. 8. Mulay 
(with two figures) 

Not only are proteins very closely connected with the phenomena of 
life, but unlike other essential constituents of the living cell, they are in all 
probability characteristic of the animal or plant species in which they are 
found. The physical properties of the proteins apparently adapt them to 
the performance of functions essential to the activities of life. Notwith- 
standing this unique position 'which these nitrogenous compounds occupy 
in the plant metabolism, but little is known as to the part they play in the 
metabolic cycle of the higher plants. 

Owing to the difficulties involved in separation and identification of 
various nitrogenous compounds, earlier investigators could not proceed 
much beyond the determination of total nitrogen in their material. Ee- 
cent advances in protein chemistry have made a further study of these 
nitrogenous compounds possible. Osborne^s work on proteins in spinach 
leaves (7) closely followed by a series of papers by Chibnall on proteins 
in leaves of various annuals, including studies on runner bean leaves (3), 
stimulated interest in the study of nitrogen metabolism of the higher plants 
by nitrogen fractionation methods. Thomas (8) was the first to undertake 
a rather complete nitrogen fractionation of woody tissue like apple twigs. 

This work was undertaken to determine the seasonal variations in the 
nitrogenous compounds in the bark and the wood of the current year’s 
growth in Bartlett pear trees. This paper deals with fractionation of total 
nitrogen into water-soluble and insoluble nitrogen and further division of 
water-soluble into soluble protein and non-protein nitrogen. Fractionation 
of soluble non-protein and insoluble nitrogen will be taken up in later 
papers. 

Material 

The samples were taken from twelve 6-year-old Bartlett pear trees 
grown at the University Farm, Davis, California. These trees were fairly 
uniform and may be considered as representative trees for their age on a. 
well-managed farm in that locality. 

Samples were collected at intervals of approximately one month from- 
September 1927 to January 10, 1929. A representative sample of four to 
five current year’s shoots was collected from each tree, giving a composite 
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sample of 50-60 shoots. This number, as shown in a previous paper (6), 
will give results which are fairly representative of the whole group. The 
total length of the shoots was included in the sample. The dates of collec- 
tion together with the dry weight of the samples, wood to bark ratio, dry 
weight as percentage of net weight, and percentage of dry weight extracted 
with water, are given in table I. 


TABLE I 

Collection data September, 1927-January, 1929 




Dry weight 

Dry weight 

H.O SOLUBLE DRY 
MATTER 

Date col- 
lected 

Bark 

Wood 

Wood 

Bark 

As percentage 
or WET weight 

As PERCENTAGE 
or DRY WEIGHT 





Bark 

Wood 

Bark 

Wood 

Sept. 

16 

gm. 

117.6 

gm. i 
205.6 

1.75 

per cent, 
40.5 

per cent. 
52.8 

percent. 

27.2 

per cent, 
14.5 

Oct. 

21 

130.0 

211.0 

1.62 

45.5 

58.9 

29.3 

16.5 

Dee. 

7 

74.0 

115.0 . 

1.55 

1 43.7 

59.3 j 

31.8 

24.0 

Jan. 

15 

124.0 

149.0 1 

1.20 

45.2 

I 57.4 

30.0 

23.2 

Feb. 

11 . . 

147.0 

181.0 

1.23 

43.1 

1 o6,o 

27.2 

23.2 

Mar. 

18 

97.0 

135.0 

1.39 

1 39.1 

55.4 

30.0 

1 13.8 

Apr. 

18 . 

78.0 

99.0 ’ 

1.27 

32.5 

45.0 

1 28.3 

15.5 

May 

13 .. 

102.0 

143.0 

1.40 

32.6 

53.1 

32.2 

17.0 

June 

24 

1 122.0 

! 138,0 

1.13 

39.0 

44.0 

28.8 j 

! 18.5 

July 

15 

166.0 

199.0 

1.20 

40.8 

49.8 

28.3 1 

15.2 

Aug. 

19 

129.0 

176.0 

1.36 

42.5 

53.6 

29.3 

18.3 

Sent. 

19 .. . 

151.0 

197.0 

1.30 

44.4 

55.4 

*'9 2 * 

18.5 

Oct. 

15 .. . 

159.0 

216.0 

1.36 

45.4 

58.4 

32.0 

20.2 

Nov. 

17 . 

162.0 

202.0 

1.25 

43.5 

1 57.3 

26.2 i 

18.2 

Jan. 

18 

170.0 

186.0 

1.09 

45.2 

55.0 

28.2 ! 

18.2 


Though an effort was made to collect representative samples, the pro- 
portion of weak shoots on the tree increased after each collection, due to 
the natural tendency to take larger shoots. As a result 1928 shoot growth 
was not as vigorous as it would have been otherwise. Comparison of the 
wood to bark ratios (table I) for corresponding dates, in J927 and 1928 
brings out the fact that the 1928 wood was not as well developed as that 
in 1927. This will probably explain the dilferenees in the results in these 
two years. 

As a rule collections were made in the forenoon, the shoots cut into suit- 
able lengths, put into tight metal cans, and carried to Berkeley without 
delay. The samples were immediately weighed, separated into bark and 
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wood, and dried in a ventilated oven at 55® C. The samples were generally 
in the oven within 12-14 hours, and at the latest within 24 hours, from the 
time they were picked and were oven-dry within the next 12 hours. 
Changes in the nitrogen distribution due to proteolytic activity during this 
time are negligible as shown by Lincoln and Mulay (6). The dried sam- 
ples were ground first in a Wiley mill and then in a ball mill until they 
were reduced to 100 mesh size. The samples thus dried and powdered were 
preserved at room temperature in screw top glass jars. 

Methods of analysis 

Total nitrogen (T. N.). — ^As it was not possible to demonstrate the pres- 
ence of nitrates in the material used, all nitrogen determinations were made 
by the simple Gunning method for the determination of total nitrogen as 
described in the Official Methods of the A. O. A. C. (1). Nitrogen deter- 
mined on an oven-dry sample, prepared as described before, gives total 
nitrogen in the sample. 

The total nitrogen in the sample was divided into two parts, soluble and 
insoluble, by extracting the sample vnih water. The soluble nitrogen in its 
turn was again divided into protein and non-protein portions by colloidal 
iron precipitation. 

Extraction , — Three 20-gram portions of an oven-dried sample were each 
mixed with 200 cc. of cold water in 500-cc. Erlenmeyer flasks and agitated 
for two hours with a mechanical stirrer. Extraction with cold water at 
room temperature was preferred to extraction with water at 40° C. (9) as 
it is less removed from the temperature conditions in the living tree. The 
resulting mixture was centrifuged and the supernatant liquid decanted 
into a container. The residue was suspended in about 50 cc. of water, 
centrifuged, and the washings added to the extract, the process being re- 
peated three times. The extracts and washings from the three portions 
were combined and made up to 1,000 cc. This procedure gave very com- 
plete extraction of the water soluble portion. 

Soluble nitrogen , — Total soluble nitrogen Avas calculated from the total 
nitrogen determination on an aliquot of the extract. 

Soluble protein nitrogen , — Soluble proteins were precipitated from the 
remainder of the extract by colloidal ferric hydroxide as described by 
Thomas (8) with the difference that the extracts were brought to pH 4 for 
reasons discussed elsewhere (5). This divides the soluble nitrogen into 
two parts, non-protein in the filtrate, and protein in the precipitate. The 
precipitate was separated from the filtrate by centrifuging and decanting, 
washed three times with water and then discarded. The washings and fil- 
trate were combined and made up to 1,000 cc. The soluble proteins were 
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determined by the difference between nitrogen determinations before and 
after the precipitation of the proteins. 

Non-proiein nitrogen . — ^Nitrogen determination on an aliquot of the fil- 
trate gives the value for non-protein nitrogen. 

Insoluble nitrogen . — The residue remaining after water extraction was 
dried, weighed and ground to a fine powder. Nitrogen determination on 
a portion of this residue gives values for insoluble nitrogen. 

Protein nitrogen (P. N.). — Insoluble nitrogen plus soluble-protein 
nitrogen is taken as the measure of protein nitrogen. 

Proteins . — ^Protein nitrogen x 6.25. 

All determinations were run in duplicate except those on total, insolu- 
ble, and amino nitrogen, which were run in triplicate. In all cases 
the duplicates were within 3 per cent, of the mean and within 5 per cent, 
of each other. However, the majority of the duplicates were within one 
per cent, of each other. Accuracy of the methods was further tested by 
comparing the calculated values for insoluble nitrogen with those obtained 
by actual determinations. It w^as found that all the actual values but one 
were within 5 per cent, of the calculated values, the majority of them being 
within 3 per cent. 

Results 

Tables II and III show seasonal changes in total, soluble, soluble- 
protein, non-protein, and total protein nitrogen fractions in bark and 
wood respectively. The same results are graphically represented in fig- 
ures 1 and 2. 

Discussion 

Total nitrogen 

Total nitrogen in the bark (fig. 1) fluctuates between 0.7 and 1.1 per 
cent, of the dry weight of the bark. Shoots of 1927 begin to increase in 
nitrogen at the end of October and reach their peak, 1.1 per cent., in De- 
cember. They remain at this level until February and begin a sharp fall 
in March when new shoots begin to grow. The activities of new growth 
make a great demand on nitrogen reserve of the 1927 shoots. As a result 
total nitrogen in the bark of the 1927 shoots falls very rapidly to 0.7 per 
cent, in May, i.e., after two months of growth of the 1928 shoots. Shoots 
of 1928 have a high nitrogen level in May, which falls during the period of 
active growth, most probably because it cannot keep pace with the increase 
in complex carbohydrates like cellulose, and lignin. It is at its lowest level, 
0.77 per cent., about August, the end of the active growing period, then it 
increases until November and remains at this level the rest of the season. 

Total nitrogen in the wood, except in very young wood where it reaches 
as high as 1.1 per cent. (fig. 2), varies from 0.4 to 0.7 per cent, of the dry 
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TABLE III 

Seasonal changes in total, soluble, soluble pbotein, non-photein, and insoluble nitbogen 
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Soluble 

PROTEIN' 

N AS PER- 
CENTAGE 

OP SOLU- 
BLE N 

per cent. 

18.7 

16.8 

16.8 

15.4 

11.9 

14.3 

17.6 

12.8 

9.9 

8.6 

8.8 

11.2 

13.3 

14.7 

33.3 

As PERCENTAGE OP TOTAL 
NITROGEN 

Total 

PROTEIN 

N 

per cent. 

63.0 

61.0 

59.7 

58.9 

62.3 

55.2 

67.2 

73.4 

65.3 

54.4 

51.2 

52.5 

52.9 

56.0 

.55.(» 

Soluble 

PROTEIN 

N 

s 1 

^ O 05 -H lO r-J lo o os 00 CO t>. O <>1 ac j 

od od eo CO 'T 50 i 

^ 1 

Total 

soluble 

N 

* lO OS 1 -H oo CO 00 Os »o CO CO 01 

^ ifd CO 00* 00 oi oi os o* od os* co* co* f-’ ^ 

a* 

As MG. PER 100 GM. OP DRY WEIGHT 

Protein 
(protein 
N X 6.25) 

mg. 

1909 

3700 

2038 

2082 

2108 

2185 

1805 

1973 

2610 

2330 

2181 

2383 

2362 

2415 

2268 

Total 

PROTEIN 

N 

mg. 

305 

272 

326 

333 

337 

350 

289 

316 

418 

376 

349 

382 

378 

386 

363 

Insolu- 
ble N 

^COCOOOOO'^OOOSCOIOCOOSCOCCCC 1 

i^COCCI'-OSrHO»OOSOS'>«t<r-HCO(MCOp- 
a Cl -n <M <M CO CO CM ©1 CO CO CO CO CO CO CO ! 

Soluble nitrogen 

Protein 

1 

^^CSCOOOCOOOCCr-lt'^SOr-tCOCOCOCOI'- ' 

s;COCO-t(-^O1-fC0r-IC1COCOrt«li?SO'^ j 

1 

Non- 

protein 

mg. 

174 

177 

214 

234 

206 

279 

143 

113 

232 

327 

330 

336 

345 

309 

280 

Total 

mg. 

213 

213 

262 

277 

234 

325 

174 

130 

257 

358 

363 

379 

398 

362 

327 

Total 

N 

mg. 

470 

455 

532 

570 

547 

622 

437 

426 

669 

717 

678 

708 

734 

703 

630 

i 

JJATE COL- 
LECTED 

Sept. 16 

Oct. 21 .. . 
Dec, 7 .. 
Jan. 15 
Feb. 11 . 
Mar. 18 
Apr. 18 .. 
May 13 . 
June 24 , 
July 15 . 
Aug. 19 
Sept. 19 . .. 
Oct. 15 .. 
Nov. 17 

Jan. 18 
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weight. This is only about 60 per cent, of that in the bark. The seasonal 
changes in the total nitrogen in the wood do not look as marked as those 
in the bark (fig. 1), when absolute amounts are compared but on a per- 
centage basis the magnitude of the changes is just about the same in both 
cases. In the 1927 shoot wood there is a rise in total nitrogen from 0.45 
per cent, in October to 0.62 per cent, in March, and then a pronounced drop 
in April which is probably due to translocation of these substances to 
actively growing 1928 shoots. Nitrogen of shoot wood of 1928, amounting 
to 1.0 per cent, in May, falls sharply in June and then changes but little 
throughout the season except for a gradual drop from October to January. 
Shoots of 1928 are much higher in total nitrogen as compared with those 
of 1927. This is believed to be due to delay in wood fibre formation in 
1928 shoots, because of their slower growth, reasons for which are discussed 
under material. 

Hooker ( 4 ), working with apple spurs, Butler, Smith and Curry ( 2 ), 
and Thomas (9), working with one-year-old apple branches, find similar 
fluctuations in total nitrogen in their material, though none of them sepa- 
rated bark from wood. 

Total nitrogen shows a steady rise in both bark and wood of 1927 shoots 
from October to December. The bark nitrogen shows a rapid fall in Feb- 
ruary, March, and April, when flowers and leaves unfold and new shoots 
make rapid growth. The wood nitrogen falls sharply only in March and 
April. The bark of 1928 shoots has 1.0 per cent, nitrogen in May which 
falls off to 0.76 per cent, during the period of rapid growth and then fol- 
lows the same trend as 1927 bark, except that the rise starts in August. 
Wood of 1928 falls from 1.1 to 0.68 per cent, in the course of a month of 
rapid growth from May to June and then fluctuates but little until it falls 
to 0.62 per cent, in January. 

Soluble nitrogen 

Total soluble nitrogen. — The soluble nitrogen in bark constitutes 
about 20 to 30 per cent, of the total nitrogen (fig. 1). In shoots of 1927 
it shows the same trend as total nitrogen in bark in as much as both rise 
from October to December and both fall when new shoots begin to grow. 
However, it shows two maxima, one in December and the other in March. 
In December insoluble nitrogen seems to increase at the cost of soluble. 
Judging from the slopes of the curves for total, soluble, and insoluble 
nitrogen between February and March, the rate of proteolysis is much 
faster than the rate of transport at this time and there is a temporary 
accumulation of soluble nitrogen which gives it its second maximum. 
Beginning in the latter part of March when leaves have started to open, 
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the rate of transport presumably exceeds the rate of proteolysis and there 
is a rapid fall in both soluble and insoluble nitrogen. In shoots of 1928 
soluble nitrogen shows a rise until October then a sharp drop in November 
and a rise again in January. 

Soluble nitrogen in wood (fig. 2), which constitutes about 50 per cent, 
of the total nitrogen, follows the same trend as total nitrogen. Wood of 

1927 shows a small rise from 0.2 per cent, in October to 0.28 per cent, in 
January, a small drop in February, to 0.23 per cent, followed by a marked 
rise to 0.32 per cent, in March and then a sharp drop to 0.17 per cent, in 
April and 0.13 per cent, in May. Wood of 1928 shows a marked rise from 
0.26 per cent, in June to 0.36 per cent, in July, then a slow rise to 0.4 per 
cent, in October and a drop to 0.33 per cent, in January. 

Soluble nitrogen both in bark and in wood shows a rise in autumn and 
early winter and a rapid fall in spring ivhen new shoots start their growth. 
It constitutes about 20 per cent, of the total nitrogen in the bark and about 
50 per cent, of that in the wood. On a dry weight basis it is about 0.2 
per cent, in the bark and varies betvreen 0.15 and 0.4 per cent, in the wood. 

Soluble protein nitrogen. — In bark the soluble-protein fraction 
(fig. 1) forms about 6 to 12 per cent, of the total nitrogen and about 0.05 
to 0.1 per cent, of the dry weight. In the bark of 1928 it starts at a low 
level in June, increases steadily during growth until October, drops sharply 
in November, and rises again in January. The sharp drop in November, 
1928, may be due to some unknown factor which prevented the extraction 
of the soluble protein (5). In the shoots of 1927 it fluctuates but little 
except for a sharp rise in October and a sharp drop in April. The sharp 
rise from September to October is similar to that between November and 
January in 1928, and may have some significance though the time of its 
occurrence is shifted by tw'o months. In w’ood soluble protein forms about 
8 to 9 per cent, of the total nitrogen and about 0.04 to 0.06 per cent, of the 
total dry weight. In the wood of 1927 soluble proteins fall in January and 
February, rise in March, and fall again till May (Fig. 2). In the wood of 

1928 soluble proteins show very little change. 

Non-protein nitrogen. — Total non-protein nitrogen in both bark and 
wood shows, with the exception of the bark of the 1928 shoots, the same 
seasonal fluctuations as soluble nitrogen (figs. 1 and 2). It forms about 
50 to 90 per cent, of the soluble nitrogen in the bark and 90 to 95 per cent, 
of it in the wood. 

Insoluble nitrogen 

In bark, insoluble nitrogen constitutes about tbree-fourths of the total 
nitrogen and all the changes in total nitrogen seem to be mostly due to the 
changes in this fraction (fig. 1). In wood, insoluble nitrogen accounts for 
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about half of the total nitrogen and unlike in bark has no marked effect 
on total nitrogen fluctuations (fig. 2) which correspond closely to the 
changes in soluble nitrogen. 

Summary 

Seasonal fluctuations in total and soluble nitrogen and its fractions in 
bark and wood are summarized in table IV. 

TABLE IV 

Seasonal fluctuations in niteogen summarized 



As percentage 

of dry weight 

Soluble N as percentage 

OF T. N. 


Total 

N 

Soluble nitrogen 


Non- 

PROTEIN 



Total 

Non- 

protein 

Protein 

Total 

Protein 

Bark 

per cent. 
O.S~l.l 

per cent. 
0.38-0.22 

per cent. 
0.1-0.15 

per cent. 
0.05-0.1 

per cent. 
20-25 

1 

percent. 

15-20 

per cent, 
5-10 

Wood 

0.&-0.7 

0.25-0.35 

0.2-0.3 

0.04-0.06 

40-50 

1 

35— 4 1) 

4-8 


New growth starts with high total nitrogen in the bark which falls as 
the growth proceeds. After the slowing dowm of growth the total nitrogen 
increases, reaches a maximum in winter, and falls again when new buds 
begin to open and draw on the reserves in these shoots. Insoluble nitrogen 
is mainly affected in these seasonal changes. 

The total nitrogen in the wood shows changes somewhat similar to those 
in the bark. However, unlike bark, changes in soluble nitrogen are mainly 
responsible for the seasonal fluctuations in wood. 

Soluble proteins, which form only a small fraction of the total nitrogen, 
both in the bark and in the wood, show an increase in late summer and 
autumn, and a fall in later winter and spring. 

University of California, 

Berkeley, California. 
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STUDIES ON PARENCHYMATOUS AND VASCULAR PLANT 
TISSUES, SOME ANALYTICAL AND SPECIFIC 
GRAVITY DATA^ 

Florence E. Hooper 

Introduction 

Recent work on the industrial utilization of agricultural wastes has in- 
cluded a study of methods available for the possible utilization of corn- 
stalks. Such material differs from wood, which consists mainly of xylem, 
in the presence of an appreciable amount of parenchyma. Most of the 
weight of the mature stalk is due to cell wall material. The marked dif- 
ference in properties exhibited by the parenchymatous and vasculai? tissues 
of the mature cornstalk indicates that it may be desirable to utilize these 
tissues for different purposes or to subject them to different treatments. 
The selection of the most efficient method for the utilization of these tissues 
will depend on a more complete knowledge of them. In view of these facts, 
a comparison of the cell wall materials of parenchymatous and vascular 
tisslies is of practical as well as of botanical interest. 

If the epidermal layer is disregarded, the entire stalk may be said to 
consist of parenchymatous and vascular tissues. The pith or fundamental 
parenchyma is a simple tissue, composed of large, isodiametric, thin walled 
cells. The vascular material, on the other hand, includes two complex tis- 
sues, phloem and xylem, and two simple tissues, sclerenchyma and paren- 
chyma. The sclerenchyma, which consists of heavy walled cylindrical cells 
with diameters many times less than the diameter of the average pith cell, 
is structurally similar to the tracheids, the most abundant of the xylem 
cells. For this reason, the term xylem will be used to include all cells of 
this type. Since the parenchyma and phloem constitute only a small part 
of the total weight of the vascular tissue, the properties of this material 
may be regarded as essentially due to xylem. 

According to the generally accepted view, the cell walls of parenchyma 
and xylem of a given plant are chemically different. This conception is 
based on the results of microchemieal tests and staining reactions. Such 
methods have the disadvantage of being entirely non-quantitative. 
Furthermore, recent work has questioned the reliability of such methods 
( 3 , 6 ). 

Various macrochemical methods have been developed for the estimation 
of cell wall constituents. Most of these methods are based on the assump- 

1 Contribution from the Chemistry Department of Iowa State College. 
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tion that certain solvents, such as acids, alkalies, etc., have a selective action 
on the constituents of the wall. Actually, it seems unlikely that these 
reagents either entirely remove or leave a residue consisting of any one 
constituent. Furthermore, the treatment with such solvents is probably 
in many cases suflBciently drastic to induce chemical changes in the wall 
constituents. In this case, the product estimated as a wall constituent is 
in reality a reaction product of one or more of these constituents. The 
purely arbitrary character of such procedures is evidenced by the fact that 
the different methods for the estimation of any one constituent seldom give 
identical results. Other methods are based on the estimation of some 
characteristic group, as for example, the determination of pentosans as 
furfural phloroglucide. In view of the fact that the exact relation of such 
groups to the molecule of the constituent is usually unknown, such methods 
are also open to criticism. Although the proposed macrochemical meth- 
ods are open to these criticisms, they offer one of the most satisfactory 
methods at present available for the examination of plant tissues. 

By the use of such methods, Peterson and Hixon (8) analyzed hand 
separated parenchyma and vascular fractions of the mature cornstalk for 
the wall constituents known to be present, namely : lignins, pentosans, and 
cellulose. The analytical results for the separated tissues and for the total 
stalk were practically the same. Wiley (12) had previously obtained ana- 
lytical results on such fractions which were more nearly in agreement than 
would be expected from the previously mentioned conception of cell wall 
chemistry. Wiley (12) and Burke (2) reported similar results for the 
pith and woody fractions of the corncob, a modified stem structure. Such 
results suggest that the cell walls of parenchyma and vascular material are 
more nearly alike chemically than has been supposed. The present work 
was undertaken to furnish additional evidence for or against the hypothesis 
that these tissues are chemically similar. 

Analytical data of the type obtained by Peterson and Hixon (8) gives 
no information concerning the nature of the association of the constituents 
in the cell wall. It is possible that the same substances may be present 
in the same proportion by weight, and yet be so associated as to produce a 
chemical difference in the walls. Since chemically different substances are 
characterized by a difference in physical constants, the desirability of sup- 
plementing the analytical data with measurements of such constants is 
apparent. For this reason, analyses and specific gravity measurements 
were made on parenchyma and vascular material from the stems of the 
following plants; (a) ordinary field corn {Zea mays); (b) and (c) two 
genetically pure strains of corn {Zea mays),^ differing only with respect 

* These tissues were kindly supplied by Dr. Fisk Gerhabdt, of the Chemistry Sec- 
tion of the Iowa Agricultural Experiment Station, Ames, Iowa. 
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to the gene controlling rigidity, one being weak and prostrate, the other 
strong and erect; (d) sugar cane (Saccharum officinarum) ;* (e) sorghum 
cane (Sorghum vulgare ) ; and (f) Jerusalem artichoke (Helianihus 
tuberosus) . 

Method 

Preparation op the tissues 

The preliminary treatment of the plant materials consisted of separa- 
tion into different tissues or combinations of tissues, grinding, and extrac- 
tion with such solvents as were expected to leave a residue consisting of 
relatively pure, unchanged cell wall material. Internodes of stems of the 
first five plants named above were separated, by peeling with a sharp knife, 
into two portions: (a) the outer shell of the stalk, consisting of the epi- 
dermis and the peripheral vascular bundles, and (b) the central cylinder 
of the stalk, consisting of the inner vascular bundles and the pith or funda- 
mental parenchyma. The separation of the sugar cane into shell and cen- 
tral cylinder was immediately followed by extraction with acetone to reduce 
the sugar concentration to such a point that the tissue could be dried by 
evaporation in air. The central cylinders of the field corn and sugar cane 
were further separated into vascular bundles and pith. This was accom- 
plished by carefully pulling out the bundles from cylinders which had been 
softened by soaking and boiling in water. The Jerusalem artichoke stem 
was split lengthwise and the inner cylinder of purely parenchymatous 
tissue was scraped out. 

Unless otherwise indicated, all tissues were ground to pass a 60-mesh 
screen. Extraneous materials were removed by exhaustive extraction with 
water and alcohol. The tissues were air dried before extraction with a 
new solvent. The final alcoholic extractions of sorghum and artichoke 
tissues were carried out in Soxhlets. This seemed necessary, to remove the 
large amount of coloring matter present in these tissues. All specific grav- 
ity measurements and analyses were made on air dried tissues. 


Specific gravity measurements 


Specific gravity measurements were made by displacement of alcohol. 
The specific gravity values were calculated from the following formula: 


S X D, 
(A,- A) 


= D 


where Aj is the weight of alcohol held by the pyknometer when no sample 
is present, A the weight of alcohol held when the sample, S, is present; 

B These tissues, were kindly supplied by the Louisiana Sugar Experiment Station, 
Baton Bouge, Louisiana. 
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Dj the specific gravity of the alcohol, and D the specific gravity of the 
tissue. 

A 100-cc. pyknometer fitted with a ground glass stopper with a capillary 
outlet was used. The pyknometer was calibrated to 0.0001 cc. at the tem- 
perature at which the measurements were to be made. For all measure- 
ments, the pyknometer was completely filled with liquid and was brought 
to constant temperature, by immersing up to its neck for thirty minutes 
in a water thermostat where the maximum temperature variation was not 
over 0.02° C. The joint of the pyknometer was protected from any alcohol 
which might overflow from the capillary outlet, by placing a tight fitting 
collar of filter paper around the stopper above the joint. Before weighing, 
the surface of the pyknometer was dried and cleaned by wiping with a 
cloth moistened with alcohol and ether. The samples of tissue used were 
of such size that in the dry condition a sample filled one-fourth to one-third 
the volume of the pyknometer. Samples of greater size interfered with 
subsequent manipulations. The sample was well covered with alcohol of 
known specific gravity, at least twenty-four hours before the measurement 
was to be recorded, to allow for penetration of the tissue. After penetra- 
tion had occurred, as evidenced by the appearance and the sinking of the 
tissue, the pyknometer was carefully rotated in such a w^ay that its entire 
contents were set in motion. This was necessary to remove air bubbles 
which lodged in the mass of tissue. Check readings were obtained several 
times on each sample by bringing to constant temperature, readjusting the 
alcohol level, and weighing. The contents of the pyknometer were agitated 
between readings to make certain that all the air had been removed. 

The ground glass joint on most pyknometers must be reground with 
fine emery and rouge to make them alcohol tight. When this is done, the 
stopper is frequently pushed into the neck of the pyknometer to such an 
extent that a small groove is formed at the top of the joint, where the 
diameter of the neck of the pyknometer is greater than that of the stopper. 
It is necessary to remove this by grinding down the neck of the pyknometer 
until a right angle point of contact between stopper and pyknometer is 
obtained, to prevent capillarity drawing alcohol from the interior of the 
flask. 

Analyses 

No attempt to make a complete analysis of the various tissues was made. 
Moisture, pentosans, lignins, and, if the supply of material permitted, cel- 
lulose analyses were made on all tissues. The lignin analyses were made 
by the 72 per cent, sulphuric acid method, using the procedure recom- 
mended by ScHOROEB (11). Pentosans were determined as furfural 
phloroglucide (1). The cellulose pulp was prepared by a modification of 
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the DE Vain’s process. The pentosan content of the pulp was determined 
and calculated to per cent, of original stalk. By subtracting this figure 
from the per cent, of original stalk obtained as pulp, a value for cellulose 
by difference was obtained. 

Results 

The experimental data are shown in table I. The values given for 
specific gravity are averages of values obtained on two or more samples of 
tissue. The value for, each sample is in turn an average of at least two 
and more often three readings on that sample. The analytical values are 
averages of two or three determinations. 

The specific gravity, pentosan, and cellulose values for the paren- 
chymatous fractions are approximately equal to the corresponding values 
for the vascular fraction in ordinary field corn, the two genetically pure 
strains of corn, sorghum cane, and sugar cane. The lignin content of the 
two fractions was also found to be the same in those tissues where the lig- 
nin determinations were run at room temperature, namely: those of field 
corn, the two genetically pure strains of corn, and sorghum cane. Peter- 
son (7) recently reported that a difference in lignin content was found in 
the two tissues of the cornstalk when the analyses were run at the tempera- 
ture of the ice box. Since his values by this method more nearly agree 
with those obtained by the Willstatteb hydrochloric acid method, he has 
suggested that more nearly correct results are probably obtained at ice box 
temperature than at room temperature. A similar difference was observed 
in the lignin content of parenchymatous and vascular material of sugar 
cane when the analyses were run at ice box temperature. No analyses 
were made at room temperature due to an insufficient supply of material. 
The unexplained effect of temperature on lignin analyses suggests that lig- 
nin content so determined is of doubtful value in a comparison of plant 
tissues. These data are neither extensive enough, nor is the method suf- 
ficiently refined to warrant the statement that these tissues are chemically 
identical. It does seem to indicate that they are more nearly alike chemi- 
cally than is generally supposed. The objection may be raised that in most 
cases pure tissues have not been dealt with. For example, it may be sug- 
gested that the vascular tissue of the cornstalk consists of a mixture of tis- 
sues whose cell walls are decidedly different chemically, but which are pres- 
ent in such proportions that the average specific gravity and composition, 
as shown by such methods of analysis, equal that of the pith, a purely 
parenchymatous tissue. At present no experimental proof that such is not 
the case can be offered. However, it seems unlikely that such an averag- 
ing occurs in all the plants mentioned above, v 
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TABLE I 

Specific obatity and composition of parenchyma and vascular cell wall material^ 


Plant 

Tissue 

Specific 

GRAVITY 

Lig- 

Pento- 

Cellu- 

lose 

Pento- 
sans IN 

Cellu- 

lose 



AT 25“ 0. 

nins 

SANS 

PULP 

1 PULP 

BY DIF- 
FERENCE 




per cent. 

per cent. 

per cent. 

2>cr cent. 

2 >er cent. 


Pithd 

1.52f 

32.0 

16.5h 

27.7 

50.1 

12.2 

37.9 


Inner 


35.2 

22.5h 





Corna 

vascular 

bundles* 

1.515^ 

26.4 

50.2 

13.1 

37.1 


Shell 

1.52f 

33.5 

25.2»‘ 

25.9 

55.9 

16.6 

39.3 

Corn, 

genetic 

Central 







cylinder 

1.515 

n 

28.8 




strain 

201, 

weakb 

Shell 

1.515 

23.1 

27.2 




Corn, 

Central 







genetic 

cylinder 

1.51 i 

* i 

29.5 




strain j 

201, 

strongb i 

Shell 

1.52 j 

24.65 i 

29.3 




Sugar 

Pithd 

1.50 

18.4h 

32.4 




canec 

Inner 








vascular 

bundles® 

1.49 







Shell 

1.52 

25.4h 

30.7 




Sorghum 

Central 







cane 

cylinder 

1.503 

21.7 

31.1 





Shell 

1.502 

23.0 

33.4 




Jerusalem 

Pith 

1.540 

10.1 

25.6 

48.5 

5.6 

42.9 

artichoke 

Shell 

1.406 

23.9 

22.6 

53.2 

11.4 

41.8 


1 Analytical results calculated to percentage of oven-dry (105® C.) samples. 

»The analytical data for corn are those listed by Peterson and Hixon (8). 

*> This tissue and the analyses for pentosans on it were kindly supplied by Dr. Fisk 
Gebhabdt of the Chemistry Section of the Iowa Agricultural Experiment Station, Ames, 
Iowa. 

c This tissue was kindly supplied by the Louisiana Sugar Experiment Station, Baton 
Bouge, Louisiana. 

d This tissue could not be ground to pass a 60 mesh screen in the mill used. When 
the tissue reached its maximum state of fineness it was removed from the upper i)art of 
the mill and used without further subdivision, 

« The vascular bundles were cut into to I inch lengths with the scissors and were 
not ground in the mill. 

tTMs value was determined at 29® C. 

«An insufficient supply of this material prevented the determination of its lignin 
content. 

h This analysis was run at the temperature of the ice box. 
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The parenchymatous and vascular material of the Jerusalem artichoke 
differ both in specific gravity and in lignin content. Even here, however, 
the results on pentosans, cellulose, and even on lignin, indicate that these 
tissues are not totally dissimilar. Although the specific gravity and lignin 
values obtained on the parenchyma and vascular material of the Jerusalem 
artichoke might suggest that tissues of different percentage composition are 
characterized by a difference in specific gravity, no generalization of this 
import is warranted due to the doubtful value of lignin analyses referred 
to above and to the fact that some tissues having approximately equal spe- 
cific gravity show a difference in lignin content as great as that reported 
for Jerusalem artichoke (table I). 

If parenchymatous and vascular cell wall material are not greatly dif- 
ferent chemically, some other factor or factors must be largely responsible 
for the difference in properties exhibited by these tissues. Both micro- 
scopic examination and comparison of apparent and actual specific gravi- 
ties indicate that their original mechanical subdivision is quite different. 
A greater surface of cell wall material is exposed in the pith, which has the 
smaller apparent specific gravity and which consists of large, thin walled, 
isodiametric cells, than in the vascular tissue, which consists mainly of 
heavy walled cylindrical ceils with diameters many times less than that of 
the average pith cell. From generalizations regarding surface phenomena 
in colloids, it is to be expected that the pith will be more readily acted upon 
by chemical reagents. The facts are in accord with this prediction. 

Peterson (7) has found that thermophilic bacteria ferment the pith of 
the cornstalk more rapidly than the vascular shell when both have been 
ground to pass a 60 mesh screen. Since such a fermentation is a surface 
reaction, this difference in ease of biological attack is to be expected. This 
w^orker has also found that vascular material which has been ground in a 
colloid mill ferments more rapidly than pith ground to pass a 60 mesh 
screen. This lends further support to the idea that many of the differ- 
ences in properties shown by parenchyma and vascular tissue are largely 
due to the original mechanical subdivision of the tissues. 

A difference in staining reaction is characteristic of parenchyma and 
xylem. If the cell walls of these tissues are chemically similar and have 
the same specific gravity, this difference must be explained in some other 
way tlian as the result of a difference in either of these properties. It 
seems probable that this apparent difference in staining reaction may be 
partly an optical effect produced by different masses of the same material. 
This is comparable to the fact that a spool of thread appears darker than 
a single strand of the thread or than a piece of fabric woven from it. 

The difference in properties exhibited by wallboards from parenchy- 
matous and vascular tissues (6) may probably also be explained as the re- 
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suit of the original mechanical subdivision of the tissues. Dunlap (4) has 
suggested that the porosity of various woods determines their insulating 
properties. He defines porosity as the ratio, 

(the volume of a block of wood) - (the volume occupied by the cell wall material) 
(the volume of a block of wood) 

Since the air is a poorer conductor of heat than cell wall material, the more 
porous tissue is the better insulating material. If the two tissues of the 
cornstalk are chemically similar, Dunlap hypothesis may be used to ex- 
plain differences in insulating properties shown by these boards. Further- 
more, since the cell walls of these tissues, as shown by the analytical (10) 
and specific gravity data (9) (4) do not seem to differ greatly from wood 
cell walls, any difference in insulating properties shown by these tissues 
and by woods may probably be attributed to their different porosities. The 
limiting apparent specific gravity of boards prepared from the two tissues 
of the cornstalk will be the same, namely 1.52. The insulating power of 
such boards would be identical. Due to the great resistance to loss of iden- 
tity shown by the cells of these tissues, even in pressure boards, the chance 
that boards of this limiting density will be prepared, save by the addition 
of some more dense material, is slight. 

In view of the fact that the two tissues of the stalk yield the same sub- 
stances in at least roughly the same proportions, the extent to which they 
may be practically utilized for the same purpose will probably depend on 
the extent of the influence of the cellular structure on the properties of the 
product. Even where the tissues are to be utilized for the same purpose, 
the difference in reaction rate exhibited by these materials suggests that it 
may be desirable to subject them to treatments of different intensity. 

Summary 

Specific gravity and analytical data on parenchymatous and vascular 
tissues of a number of plants have been presented. The probable need for 
a revision of the general conception, of the chemistry of the cell walls of 
these tissues has been suggested. Mention has been made of the impor- 
tance of the effect of the original mechanical subdivision of tissues on their 
properties. 

The writer wishes to express her appreciation to Dr. R. M. Hixon for 
his assistance and encouragement during the course of this investigation. 

Department op Chemistry, 

Iowa State College. 
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PERMEABILITY OP THE SKIN OP APPLES AS MEASURED 
BY EVAPORATION LOSS^ 

K. S. Masklet and Chaeles £. Sando 
Introduction 

It has long been known that variations in the skin of fruits influence 
their keeping quality. This is particularly true in the case of apples (3, 4 ) 
where skin condition is recognized as a determining factor in the amount 
of wilting in storage, susceptibility to scald and other physiological 
troubles, as a mechanical protection for the underlying tissues, and as a 
partial regulator in connection Math gaseous exchange. 

That different varieties of apples differ in skin thickness, amount of 
waxy coating, and permeability of the skin to gases, especially water vapor, 
is known in a general way, but little is recorded with respect to their quan- 
titative differences. While the work of Cummings and Lombard (1), 
Maoness and Diehl ( 4 ), RivikRE and Pichabd (6), and of Heinioke (2) 
is of value in indicating the water loss in relation to the original weight of 
the w’hole fruit, it throws but little light on skin permeability because the 
various workers, with the exception of Heinicke who worked on a single 
variety only, failed to calculate their data on an area basis or to account 
for the loss through the stem and calyx ends. 

An opportunity M-as presented in 1929 to determine under comparable 
conditions the skin permeability, as measured by evaporation loss, of sixteen 
varieties of apples, eleven of which M^ere available from tM'o different locali- 
ties. The fruit used in each case was part of the material assembled for 
quantitative studies of the cutin and M’axy-coating of apples which we have 
had under way for some time. While the data represent material collected 
in one season only, it is believed they portray fairly accurately what limits 
of variation and what varietal differences may be encountered, since all the 
material was examined under comparable conditions. 

In these experiments determinations were made of evaporation losses 
from normal fruit and from fruit in which the stem and calyx ends were 
blocked by means of paraffin. The results of these determinations are of 
interest and importance in that they provide quantitative information upon 
the varietal differences with respect to the total evaporation loss from the 
whole apple surface and from the skin exclusive of the stem and calyx open- 
ings. Data are given for varieties grown in two dissimilar apple regions, 

1 Prom the Division of Horticultural Crops and Diseases, Bureau of Plant Industry, 
in cooperation with the Food Besearch Division, Bureau of Chemistry and Soils, United 
States Department of Agriculture, Washington, D. C. 
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namely, the Wenatchee Valley, Washington, and the Finger Lake region 
of New York State. From these data it has been possible to calculate for 
each of the varieties the loss through the skin alone and that by way of 
the stem and the calyx tube. 

Material used 

Washington fruit 

The Washington fruit was obtained from several commercial orchards 
in the vicinity of Wenatchee, Washington. The orchards were irrigated 
during the growing season and were sprayed with lead arsenate in accord- 
ance with the usual practice in this district. In addition. Grimes Golden, 
Delicious, Esopus Spitzenberg, Stayman Winesap, Winesap, Rome Beauty, 
and Arkansas Black varieties received a one per cent, oil spray during 
August. 

The fruit was harvested one week to ten days earlier than commercial 
picking time for this district and immediately placed in cold storage at 
Wenatchee. On November 1 the entire lot of fruit was shipped from 
Peshastin, Washington, to Philadelphia under initial ice, then by express 
to Washington, D. C. It arrived November 15 and was immediately placed 
in cold storage. 

New York fruit 

The New York State fruit, with the exception of the Arkansas, Winesap, 
and Stayman Winesap varieties, was obtained from the varietal orchard of 
the New York State Agricultural Experiment Station at Geneva, through 
the kindness of Richard Wellington and George H. Howe. The three 
excepted varieties were obtained from the varietal orchard of the New York 
State Agricultural College at Ithaca, through the courtesy of Prof. Arthur 
J. Heinicke. 

The fruit was harvested at the commercial picking date for the particu- 
lar variety at the place where it was grown, packed at the orchard in lined 
bushel baskets, and shipped by express to the cold storage house near Wash- 
ington, D. C. Owing to the abnormal weather conditions prevailing in this 
region during the season of 1929 (cold, wet spring followed by an unusually 
dry summer and fall) the New York fruit was, for the most part, somewhat 
under-developed. 

Experimental 

About the middle of December the experimental material was withdrawn 
from cold storage and allowed to stand in the laboratory over night to 
attain room temperature. The next day each sample was divided into two 
portions each containing approximately one kilogram of fruit. The diam- 
eter of each apple was measured to the nearest millimeter with calipers. 
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The calyx and the stem openings of the fruit comprising the A-samples 
were blocked with 45° paraffin, which was introduced while melted. The 
apples comprising the B-samples remained untreated. The separate lots of 
fruit were then weighed on a Sartorius precision laboratory balance, 
arranged on tables, and allowed to remain undisturbed for nine days at an 
average room temperature of 25.6° C. At the expiration of that time they 
were again weighed and returned to the tables and left seven more days 
at the same average room temperature. At the end of this period they 
were weighed and discarded, since by that time some varieties had under- 
gone considerable shrivelling. All the fruit, both blocked and unblocked, 
was therefore exposed under identical conditions of humidity and tempera- 
ture, the latter recorded by means of a thermograph. 

Results and discussion 

In table I are recorded the total weight of fruit used, the total surface 
area, the total loss in weight* for the nine and sixteen day periods, and the 
average daily loss for these periods per 100,000 square millimeters of sur- 
face. The data reported under A and B each represent the results of two 
separate determinations. It should be noted that the surface area has been 
calculated from the diameter on the assumption that the apples were perfect 
spheres. This assumption is, of course, only an approximation, but a 
fairly accurate one for most varieties, since irregularities due to excessive 
concavity and convexity, particularly in the region of the stem and calyx 
ends, are more or less compensatory. The varieties are arranged in the 
decreasing order of the loss through the skin, independent of the loss by 
way of the stem and calyx tube. 

If the figures for the Washington fruit are compared with those for the 
New York fruit of the same variety it will be seen that except for Grimes 
Golden and Wageiier, the loss per 100,000 square millimeters of skin surface 
is greater for the New York than for the Washington fruit. Grimes Golden 
and Wagener apples obtained from Washington were markedly different 
from those obtained in New York. Before completion of the experiments 
these varieties suffered from surface scald as well as deep scald and break- 
down. Only a single nine day experiment could be made for Wagener 
because of the severity of the internal breakdown. The considerably larger 
loss of weight in Washington as compared with New York fruit of these 
two varieties doubtless is partly the result of the internal breakdown. In 

2 The evaporation loss determined by the above-described method comprises both 
transpiration and respiration losses. The latter does not greatly affect the value of the 
evaporation loss. By employing the figure 36 in milligrams per kilogram-hour as 
roughly representing an average respiratory rate for apples and computing from this 
the resultant loss in weight of the fruit it is found that approximately 4 per cent, of 
the total loss is due to respiration. 
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A = Stem and calyx ends blocked. B = Normal fmit. 
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• A = Stem and calyx ends blocked. B = Normal fruit. 
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the light of these experiments it would appear that New York fruit pos- 
sesses, or at least did in 1929, a more permeable skin than Washington fruit 
of the same variety. 

The percentage of water lost by way of the stem and the calyx tube can 
be calculated from the data given in columns 8 and 9, table I. This loss, 
expressed as percentage of the total, is given in table II. For the most 
part, fruit from the two localities show marked differences with respect to 


TABLE II 

Evapoeation loss through the stem and calyx ends expressed as percentage op 
THE total loss PER 100,000 MM.* OP APPLE SURFACE 


Variety 

Water lost through stem and calyx ends 

Washington State pruit 

New York State pruit 

9 days 

16 DAYS 

9 DAYS 

16 DAYS 


per cent. 

percent. 

per cent. 

per cent. 

Borne Beauty 

25.3 

24.9 

7.6 

6.4 

Delicious 

20.9 

21.7 

11.0 

9.9 

Yellow Newtown 

20.3 

20.1 

23.3 

23.7 

McIntosh 

17.4 

18.7 

0.0 

1 

Ben Davis 

12.3 

11.4 

5.0 

' 5.1 

Esopus Spitzenberg 

11.5 

11.6 

3.3 

2.6 

Stayman Winesap 

10.7 

10.5 

7.7 

' 9.6 

Grimes Golden 

10.0 

10.5 

: 13.2 

, 11.4 

York Imperial . . 

9.0 

8.0 

1 

! 

Wagener . . 

7.2 


; 30.7 

28.6 

Winesap 

6.2 

6.7 

1 14.6 

13.9 

Northern Spy 

6.0 

4.9 

I 1.9 

2.4 

Arkansas Black 

2.8 

3.0 



Baldwin 



15.7 

14.3 

Bhode Island Greening 



15.4 

16.6 

Arkansas 



10.2 

9.8 


stem end and calyx end losses. Except for Grimes Golden, Yellow New- 
town, Winesap, and Wagener, which are higher in the Eastern fruit, the 
Washington fruit showed the higher, often a considerably higher loss by 
way of the stem and the calyx tube than did the New York fruit. Because 
of the larger size of the Washington fruit it might be expected that their 
calyx end loss would be larger than that of the underdeveloped and conse- 
quently smaller New York fruit. This is in accord with the observations of 
Young (6) to the effect that the calyx cup or eye of the apple is influenced 
by the development of the fruit. According to these observations the calyx 
tube of large fruit is apt to be large, so that the lobes are separated, result- 
ing in an open or partly open calyx, whereas in small or poorly developed 
apples the calyx is usually small. 
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Summary 

These studies show that in 1929 New York apples had a higher water 
loss per 100,000 square millimeters of surface than Washington fruit, with 
the exception of Grimes Golden and Wagener, both of which were abnormal. 
It may be concluded from these results that the New York fruit had more 
permeable skins than Washington fruit. 

The stem and calyx end losses varied from zero to 31 per cent, in differ- 
ent varieties, and the variation was almost as great for the same varieties 
in different localities as for different varieties in the same localities. 

TJ. S. Department op Agriculture, 

Washington, D. C. 
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RESPIRATION STUDIES OF STRAWBERRIES^ 

E. L. OVEEHOLSEB, MAX B. HABDY, AND H. D. LoCKLIN 


In the study of promising new varieties of strawberries, it is desirable 
to employ some measurement that will give satisfactory evidence of their 
keeping quality when compared with standard varieties in a district. To 
this end, Hardy and Locklin (unpublished) have employed a test 
by means of which the firmness of the fruit is expressed in grams of pres- 
sure necessary to force a one-eighth inch plunger through the flesh to a 
depth of three-sixteenths of an inch. It was noted, however, that fre- 
quently the firmness of the flesh of varieties was not consistently correlated 
with casual observations as to the keeping quality at laboratory tempera- 
tures. This indicated that varieties having the most firm flesh did not 
iiecessaril}" possess the lowest rate of metabolism. 

Objects of experiments 

Experiments were therefore undertaken to determine the correlation of 
the rate of metabolism or respiration intensity as measured by the produc- 
tion of carbon dioxide, with certain factors as follows: (1) Firmness of tis- 
sue; (2) maturity; (3) time of season harvested; (4) succession of respi- 
rati(»n interval; (5) duration of respiration period and the percentages of 
carbon dioxide and oxygen in the respiration chamber; and (6) variety. 
Incidentally the relation of the respiration ratio and of the specific gravity 
of strawberries to certain factors was observed. 

Methods employed 

Respiratory intensity was used as a measure of rate of metabolism in 
the work reported here. One-quart fruit jars sealed with rubber corks 
fitted with stop-cocks were used as respiration chambers. The temperature 
in these chambers averaged about 20° during the investigation with varia- 
tions of ± 2° C. The intensity of respiration Avas determined by methods 
of Bennett and Bartholomew (1). The respiration interval averaged 
about 16 hours, and the jars were opened and the berries aerated for about 
six hours before another respiration interval was begun. The lots of straw- 
berries employed in these studies were grown upon a medium heavy clay 
loam on the grounds of the Western Washington Experiment Station, 
Puyallup. Washington. The strawberries were harvested for each determi- 
nation at an immature stage (10 to 15 per cent, colored) and at a mature 

1 Published as Scientific Paper no. 177, College of Agriculture and Experiment Sta- 
tion, State College of Washington. 
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stage (100 per cent, colored). The fruit was brought directly from the 
field to the laboratory and utilized at once for the studies. 

Results 

Relation op firmness op tissue to respiration intensity 

Using the method of Hardy and Locklin the firmness of the flesh of the 
strawberry varieties was determined. From one to four penetrations per 
berry of 10 to 15 berries were averaged. 

The respiration intensity of certain varieties having relatively firm 
tissue was compared with other varieties having relatively soft tissue. For 
these determinations fruits were used that were well matured with 100 per 
cent, color and also immature fruits with only from 10 to 35 per cent, color. 
The average duration of each respiration period was about 16 hours. The 
data obtained with the immature berries of different degrees of firmness 
of flesh are presented in table I. 

The data in table I indicate that firmness of flesh of immature berries 
is not correlated with low respiration intensity. Each of tliree firm varie- 
ties, harvested in an immature stage of ripeness had a higher respiration 
intensity than did three soft fleshed varieties with the exception of the 
Klondike. This was true not only of the average as shown in table I, but 

TABLE 1 

Relation of firmness of tissue of varieties of immature strawberries to respiration 

INTENSITY 


Variety 

Dates 

HARVESTED 

Color 

Firmness 
of tissue 

Number 
OF respi- 
ration 
periods 

deter- 

mined 

COj pro- 
duced PER 
KILO PER 
HOUR 

Respira- 
tion RATIO 
C0,/0, 



per cent. 

gm. 


vig. 


U. S. D. A. 632 . 

June 14, 20 

12 

511 

5 

89.68 

0.836 

U. S. D. A. 819 . 

14,17 

27 

548 

6 

73.82 

0.842 

Ettersburg 121 . 

20 

20 

421 

3 

88.24 

0.852 

Average for firm 







fleshed varie- 







ties 



493 


83.91 

0.843 

IT. S. D. A. 652 

June 14, 17, 20 

10 

284 

9 

45.20 

0.831 

U. S. D. A. 545 . 

14,17 

10 

333 

6 

65.65 

0.844 

Klondike 

20 

35 

276 

3 

88.48 

0.913 

Average for soft 







fileshed varie- 







ties 



308 


66.44 

0.863 
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also of each individual determination. The Klondike, however, was more 
mature than any of the other immaturely harvested varieties in that the 
berries were over one-third colored. This greater maturity in the light of 
data subsequently presented apparently increased the intensity of respira- 
tion. If this be true, which is not unlikely, the average value for this 
group would be still lower. 

Similar determinations were made with berries harvested in the mature 
stage. These data are shown in table II. 

TABLE II 

Eelation or firmness or tissue of varieties of mature (100 per cent, colored) straw- 
berries TO respiration intensity 


Variety 

Dates 

HARVESTED 

Firmness 
of tissue 

Number of 
respiration 
periods 
determined 

CO 5 PRO- 
DUCED PER 
KILO PER 
HOUR 

Respiration 

RATIO 

co,/o. 




gm. 


mg. 


U. S. D. A. 632 

Junel4, 17, 20 

\ 357 

9 

127.89 

0.906 

Ettersburg 121 

t i 

20 

372 

3 

98.74 

0.901 

ir. fi. D. A. 527 

1 1 

14 

321 

3 

95.21 

0.810 

U. S. D. A. 819 

( 4 

14,17 

343 

6 

83.11 

0.887 

Average for firm 







fleshed varie- 







ties 



348 


101.27 

0.878 

U. S. D. A. 652 

June 14,17, 20 

214 

9 

75.73 

0.879 

U. S. D. A. 177 

4 4 

14 

261 

3 

84.15 

0.925 

U. S. D. A. 545 

i 4 

14, 17 

239 

i ^ 

64.42 

0.896 

Klondike .. 

4 4 

20 

287 

3 

95.69 

0.955 

Average for soft 







fleshed varie- 







ties 



250 


79.99 

0.914 


The data from the strawberries harvested when mature also indicated 
that firmness of flesh did not necessarily mean a low respiration intensity. 
Comparison of the respiration ratios in tables I and II indicated that the 
more mature berries had a higher respiration ratio (carbon dioxide evolved 
divided by the oxygen absorbed) than did the immature berries (see also 
table III) and that the firm fleshed varieties had a higher respiration ratio 
than the soft fleshed sorts. 

Eelation op maturity to respiration intensity 

Five varieties of strawberries were harvested in an immature stage of 
development (10 to 25 per cent, colored) and their respiration intensity 
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compared with that of the same varieties harvested in a well matured stage 
(100 per cent, colored). The data are shown in table III. 

TABLE III 

Relation or maturity or strawberries to respiration intensity 


Variety 

Maturity 

Firmness 
OP tissue 

Number OP 

RESPIRATION 

periods de- 
termined 

COj PRO- 
DUCED PER 
KILO HOUR 

Respiration 

RATIO 

co,/o, 



gm. 


mg. 


IT. S. D. A. 632 

Immature 

512 

6 

89.68 

0.836 

U. 8. D. A. 652 . .. 

Immature 

284 

9 

45.20 

0.831 

U. 8. B. A. 261 ... 

Immature 

346 1 

6 

90.70 

0.872 

U. 8. D. A. 545 

Immature 

353 

6 

65.65 

0.844 

U. S. D. A. 810 . 

Immature 

.548 

6 

73.82 

0.842 

Average for imma’ 






ture berries . . 


409 

33 

73.01 

0.845 

U. 8. B. A. 632 . . 

Well matured 

355 

9 

117.89 

0.906 

U. 8. B. A. 652 

Well matured 

214 

9 

75.73 

0.879 

U. 8. B. A. 261 

Well matured 

2.34 

i ® 

112.50 

0.921 

U. 8. B. A. 545 

Well matured 

239 

6 

69.42 

.0913 

U. 8. B. A. 819 

Well matured 

327 

6 

83.11 

0.887 

Average for mature 






berries 


274 

36 

91.73 

0.905 


The data in table III show that as the strawberries advance from the 
immature stage, where the fruit is only 10 to 25 per cent, colored, to the 
well matured stage with 100 per cent, color, the rate of respiration increases. 
The average increase is nearly 50 per cent., with the exception of the 
variety U. S. D. A. 545, where the increase is relatively small. As indi- 
cated by a comparison of the data in tables I and II, the data in table III 
also show that the respiration ratio of mature berries was nearer unity than 
that of the immature berries. This indicates, as would be expected, that 
the material respired, by the mature berries is not the same as that in the 
immature fruit. 

Relation of time of season harvested to respiration intensity 

It is reported by growers that strawberries picked at the same stage of 
maturity late in the fruiting period for the variety do not keep nor ship as 
well as berries harvested earlier in the season. Data pertaining to the rela- 
tion of time of the season the strawberries were harvested, (the maturity 
being the same) to respiration intensity are shown in table IV. 

The data in table IV show that as the season advances strawberries even 
though picked at comparable stages of maturity exhibit higher respiration 
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TABLE IV 

Relation of time op season harvested to respiration intensity or strawberries of 

COMPARABLE MATURITY 


Variety 

Bates 

harvested 

Maturity 

Color 

Firmness 
OP tissue 

COj PRO- 
DUCED 
PER KILO 

PER HOUR 

Bespira- 

TION 

RATIO 

co»/o, 




per cent. 

gm. 

mg. 


U. S. B. A. 652 

June 14 

Immature 

10 

297 

36.09 

0.827 


June 17 

Immature 

10 

293 

47.67 

0.838 


June 14 

Well matured 

100 

204 

59.30 

0.880 


June 17 

Well matured 

100 

208 

79.47 

0.952 

U. S. D. A. 632 

J une 14 

Immature 

10 

562 

80.54 

0.813 


June 20 

Immature 

15 

461 

98.82 

0.859 


June 14 

Well matured 

100 ' 

317 

110.78 

0.907 


June 17 

Well matured 

100 

365 

126.63 

0.926 

U. S. D. A. 545 

June 14 

Immature 

10 

347 

60.69 

0.797 


June 17 

Immature 

10 

359 

70.61 

0.890 

U. 8.D.A.261 

June 14 

Immature 

15 

364 

89.03 

0.868 


J une 17 

Immature 

15 

327 

94.84 

0.897 


June 14 

Well matured 

100 

239 

102.34 

0.927 


June 17 

Well matured 

100 

228 

122.34 

0.974 


intensities. This was true of berries harvested in an immature stage as 
well as berries harvested when fully mature. The average respiration 
intensity of the immature and mature strawberries harvested early in the 
season was 78.7 mg. of carbon dioxide per kilogram of fruit in contrast 
with 90.4 for fruit harvested later in the season. The data are all the 
more significant when it is pointed out that the temperatures in the field 
averaged two degrees higher on June 14 than on June 17. 

Relation of succession of respiration interval to 

RESPIRATION INTENSITY 

The greater respiration intensity of berries which accompanied their 
advance in maturity was also indicated by the fact that generally the 
respiration rate tended to increase with each succeeding respiration period 
of fifteen to eighteen hours. This increase was more marked with the 
maturelj" harvested fruit than with the fruit harvested when immature, 
as shown by the average of eight varieties in table V. 

Relation of duration of respiration period and the percentages of 

CARBON dioxide AND OXYGEN IN THE RESPIRATION CHAMBERS 

Attempts were made to keep the respiration intervals fairly uniform 
and to avoid the accumulation of excess carbon dioxide and marked reduc- 
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TABLE V 

Relation or sitccession or respiration interval to respiration intensity 


Order op 

RESPIRATION 

INTERVAL 

Number op i 

DETERMINA- 

TIONS 

DitrATION OP 
RESPIRATION 
INTERVAL 

Maturity op 

STRAWBERRIES 

CO2 PRODUCED 
PER KILO PER 
HOUR 

First 

15 

average hrs, 

\ 18.24 

Immature 

mg. 

72.56 

Second 

15 

15.03 

Immature 

79.80 

Third 

15 

15.25 

Immature 

87.17 

First 

20 

18.16 

Mature 

80.33 

Second 

20 

15.22 

Mature 

90.59 

Third 

20 

15.45 

Mature j 

102.69 


tion of the oxygen content of the air of the respiration chambers. An 
increase in the carbon dioxide generally has a depressing effect upon respira- 
tion of some tissues, which is more marked if the temperature is low, as 
shown by Kidd (3) with germinating seeds, and by Kidd, West and Kidd 
( 4 ) with apples, and Tkout (5) wdth pears. The effect is more marked 
at temperatures lower than those employed here for the respiration studies 
of strawberries. An appreciable reduction in the oxygen content may, 
however, have little or no effect upon respiration as measured by carbon 
dioxide production. In our experiments the percentage of oxygen was 
reduced about the same as the percentage of carbon dioxide was increased. 
Generally, however, slightly more oxygen was consumed than carbon dioxide 
was evolved. The data show the average milligrams of carbon dioxide 
produced per kilogram of fruit during the respiration interval when the 
carbon dioxide content of the atmosphere in the respiration chambers 
became highest, in comparison with the production by the same lots during 
the respiration interval when the carbon dioxide content remained lowest. 
The data showing the relation of these factors to the respiration intensity 
are shown in table VI. 

TABLE VI 

Relation op duration op respiration period and percentage op carbon dioxide and 

OXYGEN TO RESPIRATION INTENSITY 


Average 

DURATION OP 
RESPIRATION 
INTERVAL 

Maturity op 

FRUIT 

Number op 

DETERMINA- 

TIONS 

Average 
per cent, op 

COj IN RESPIRA- 
TION CHAMBER 

CO2 produced 

PER KILO PER 
HOUR 

hr. 



per cent. 

mg. 

14.56 

Immature I 

17 

7.86 

79.07 

16.97 

Immature 

17 

10.41 

82.34 

15.20 

Mature 

19 

9.36 

87.65 

17.94 

Mature 

19 

12.50 

98,71 


Delation of variety op strawberries to respiration intensity 
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The data show that there was no depressing effect of the longer respira- 
tion intervals or of slightly greater increases of carbon dioxide contents of 
the respiration chambers. In fact the respiration intensities of both the 
mature and immature fruits were slightly greater during the longer inter- 
vals and with the higher carbon dioxide content. This was consistently 
true of the individual determinations as well as the average given in table 
VI. Furthermore, the average respiration ratio was below unity, indicating 
that there was an absence of intramolecular respiration. 

Relation of variety to respiration intensity 

The data in table VII show that there are consistent differences in 
respiration intensity between varieties. These differences again were not 
necessarily correlated with keeping quality at room temperature. For ex- 
ample, while some firm varieties respired more rapidly than did medium 
firm varieties the former may have been sufficiently more firm, so that not- 
withstanding their greater respiration intensity, they were still less soft 
and in better market condition than were the medium firm, after a given 
interval of time. 

Respiration ratio and specific gravity of strawberries 

The average respiration ratio of mature strawberries, 100 per cent, 
colored and softening, was somewhat higher than that of immature berries, 
10 per cent, colored and firm. In each case, however, it was below unity, 
being in the former 0.909 and in the latter 0.870. Gerhart (2) reported 
that the approximate value of the respiration ratio of ripe strawberries 
was 1.2 as determined by the Krajnik apparatus. This would indicate that 
more carbon dioxide was evolved than oxygen was absorbed, while with the 
data presented in table VIII, the reverse appears to be true. 

TABLE VIII 

Average respiration ratio and specieic gravity or strawberries 


Maturity 

Number or 

Eespiration 

RATIO 

SpECiric 

Number or determi- 
nations 

varieties 

co~ 

0 , 

GRAVITY 

Eespiration 

SpECiric 

GRAVITY 

Immature 

12 

0.870 

0.860 

48 

17 

Mature 

11 

0.909 

0.923 

67 

19 


The data in table VIII indicate that with the varieties employed the 
specific gravity of the mature fruit averaged slightly higher than for the 
immature berries. 
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Summary 

1. With the strawberry varieties tested greater firmness of flesh appar- 
ently was not directly correlated with a low respiration intensity, either 
with immature or mature fruits. 

2. With the varieties employed fruits of the firm-fleshed sorts had a 
higher respiration ratio than fruits of the soft-fleshed sorts. 

3. The respiration intensity increased with the maturity of the fruit, 

4. Both immature and mature fruits when picked at intervals in com- 
parable stage of maturity showed a higher respiration intensity and a 
higher respiration ratio as the picking season advanced. 

5. The respiration intensity of any one lot of mature or immature fruits 
increased with each succeeding respiration interval, the increase being more 
marked with the mature lots of fruit. 

6. No apparent depression of the respiration intensity followed the in- 
creased carbon dioxide contents attained in the respiration chambers re- 
sulting from a lengthening of the respiration period. 

7. There are consistent differences between varieties in their respira- 
tion intensities which were not, however, directly correlated with keeping 
quality, since the latter was affected also by the initial firmness of the 
berries. 

8. Greater maturity of fruit was correlated with a higher respiration 
ratio, although no single value ever attained unity. 

9. The specific gravity of the mature fruits of the varieties employed 
average slightly higher than that of the immature fruits. 

Washington Agricultural Experiment Station, 

Pullman, Washington. 
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EFFECT OF MANGANESE, COPPER AND ZINC ON THE 
GROWTH OP YEAST^ 

J. S. McHargue and K. K. Calteb 
(with three figures) 

The fermentation of sugars by yeast has received much scientific investi- 
gation. The more common mineral elements required in relatively large 
amounts for the growth of yeasts have been definitely established but the 
influence of some of the less common elements in the metabolism of yeasts 
is not so well known. Manganese, copper and zinc can be found in small 
amounts in the ash of most plant material. Because yeasts depend upon 
the products of other plants for a portion of their nutrients, they have 
access to these metals. 

Kayser and Marchand ( 1 ) state that the addition of from 1 to 1.5 gm. 
of manganese sulphate per liter increased the yield of alcohol 3 per cent, 
in some cases. The amounts of glycerol and volatile acids were also in- 
creased. They obtained especially good results with the nitrate. 

Kostytschew and Frey ( 2 ) found that zinc chloride added at the rate 
of 0.4 gm. to 2.6 gm. in 100 cc., caused the production of acetaldehyde in 
dry but not in living yeast fermentation. It also resulted in an increased 
production of carbon dioxide as compared with the alcohol, and in a large 
part of the fermented sugar being converted into unknown products. The 
larger part of the sugar remained unfermented in the presence of zinc 
chloride whereas practically all was fermented in controls without zinc. 

ScnwEiZER (3) found that fermentation was decreased in copper ves- 
sels as compared with glass. He investigated the effect of cuprous oxide 
and found it decreased growth in amounts greater than 0.0001 gm. for 
0.5 gm. of yeast, and that 0.014 gm. inhibited fermentation. Cupric oxide 
did not affect fermentation. 

The chief difficulty in investigating the influence of manganese, copper 
and zinc on the growth of yeasts was in obtaining a medium suited to their 
growth that was free from traces of these metals. The medium used in 
this investigation was an aqueous solution containing ammonium sulphate 
0.5 per cent., potassium dihydrogen phosphate 0.2 per cent, potassium 
sulphate 0.4 per cent., magnesium sulphate 0.1 per cent., calcium sulphate 
0.05 per cent., ferrous chloride 0,001 per cent., and sucrose 5.0 per cent. 

1 Contribution from the Department of Chemistry of the Kentucky Agricultural 
Experiment Station, 

The investigation reported in this paper is in connection with a project of the Ken- 
tucky Agricultural Experiment Station and is published by permission of the Director. 
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The inorganic salts used were tested chemically and were known to be free 
from copper, manganese and zinc. Sucrose could not be obtained entirely 
free from zinc, but less than 0.2 part per billion was contained in the 
medium, from this source. The water required was distilled through a 
quartz tube. This medium was used as the control medium. 

Pure cultures of Saccharomyces cerevisiae were prepared and trans- 
ferred on the control medium six times to remove manganese, copper and 
zinc from the cells before a stock culture was accepted for inoculation of 
experimental cultures. Counts were then made microscopically and a sus- 
pension in control medium was standardized so that one cubic centimeter 
contained one thousand cells. One hundred cells (0.1 cc.) were used for 
inoculation of most cultures. 

To determine the effect of different concentrations of manganese a 
series of ten cultures of 100 cc. each, to which different quantities of man- 
ganese sulphate had been added, ^vas started. Manganese was added in 
su<?h proportions that the first flask contained 10 parts per million, the 
second 20 ppm., the third 30 ppm., etc., covering the range between 
0 and 100 ppm. manganese. Duplicate cultures and two controls were 
prepared. Other factors such as the time and temperatfire of incubation 
and sterilization, and number of cells used for inoculation, were the same 
in all experimental cultures. After six days^ incubation, the cultures were 
filtered and the yeast cells washed with cold distilled water in excess of the 
amount found necessary to remove sulphates. The same volume of water 
was used on each culture. The washed cells were dried to constant weight 
at 100° C. and weighed as the quantity produced in 100 cc. of medium in 
six days. Comparison of the weights obtained showed that the smaller 
quantities of manganese stimulated growth, as determined by weight, that 
large quantities were toxic, resulting in reduced gl’owth or death, and that 
a concentration of 10 ppnf. resulted in the largest weight obtained. A 
second series of 10 cultures covering the 'range' between 5 and 15 ppm. 
manganese fixed the optimum concentration of this element at 10 ppm. 

By using similar series of cultures containing copper sulphate, and zinc 
sulphate, the optimum concentrations were' found to be 7.5 ppm. for copper 
and 10 ppm. for zinc. These values were used in preparing media for the 
following cultures. 

To ascertain the effect of these metals on growth as determined by total 
weight, cultures of 250 cc. in liter flasks were prepared as follows : 1, con- 
trol; 2, + manganese; 3, + copper; 4, +zinc; 5, + manganese + copper ; 
6, + manganese + zinc ; 7, + copper + zinc; 8, + manganese + copper + zinc. 
These cultures, with duplicates, were incubated for ten days at 28° C. and 
the growth produced was weighed as previously described. Fig. 1 shows 
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Fig. 1. Addition of Mn, Cu, and Zn to the control medium — effect on weight of cells. 

the results obtained. Copper produced the greatest weight of any element 
wlieii present without the others. The values for zinc were slightly greater 
than those for manganese. Combination^ of two metals produced greater 
weights than did either one alone. The largest weight obtained resulted 
from the inclusion of manganese, copper and zinc in the medium. The 
relations to the control are shown in table I. 

To determine the effect on growth as indicated by rate of cell division, 
tlie number of cells per cc, was counted daily, microscopically, in a gradu- 


TABLE I 

Production or yeast cells (average or 3 cultures) 


Culture 

Total weight 

Per cent, or control 


Ifm. 

2 )er cc7it. 

Control 

0.2064 

100 

+ Mn 

0.4934 

239 

-f Cu 

0..5915 

. 286 

+ Zn 

0.5364 

260 

+ Mn + Cu 

1.0138 

491 

+ Mn + Zn 

1.9711 

•950 

+ Cu +Zn 

1 1.1401 

555 

-f Mn + Cu + Zn 

2.2506 

1 

1090 
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ated cell slide, in cultures of 250 cc. in 500-cc. flasks. The initial inocula- 
tion was 2,500 living cells. Counts were discontinued at the end of six 
days, because of bacterial contamination in some flasks. Fig. 2 shows the 



Piyi or lActtOatioft 

Fig. 2. Addition of Mn, Cu, and Zn to control medium-effect on number of cells. 

effect of manganese, copper, zinc, and their combinations on the rate of cell 
division. Copper inhibited reproduction at the start but, as incubation 
proceeded, increased it more than did either manganese or zinc. Manganese 
and zinc, separately, produced immediate increases in the rate of cell divi- 
sion as compared with the control. 

The cells in media containing copper were small, the average of the 
mature cells being 6.6 x 7.7 microns, slightly less than the control measure- 
ments. Manganese and zinc, separately, increased the size of cells, the 
average being 8.25 x 9 microns for each. The fact that cultures containing 
.copper resulted in a greater weight of yeast than did cultures containing 
manganese or zinc was due to the presence of a larger number of smaller 
cells. The increase in weight of yeast in the cultures containing man- 
ganese and zinc over that in the cultures containing copper and zinc, or 
copper and manganese, was caused by a larger size of cell, the number of 
cells being nearly the same. With manganese, copper and zinc together 
the cells were but slightly smaller than they were in the presence of man- 
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ganese and zinc, and as the rate of cell division was much greater, the 
largest weight obtained resulted from this culture. 

The effect of manganese, copper and zinc on the production of carbon 
dioxide by yeast was determined by direct weighing of the absorbed gas. 
Cultures of 250 ec. each, in liter flasks, containing manganese, copper, zinc, 
and all combinations of these, in optimum concentrations, and controls, 
were prepared. The flasks were sealed with rubber stoppers fitted with two 
glass tubes, one of which extended below the surface of the medium. These 
tubes were connected with soda-lime and calcium chloride tubes as for car- 
bon determination. Air entered the long tube through sterile cotton and 
a soda-lime tube, and bubbled through the culture. Gases left the culture 
flask through calcium chloride tube, a weighed soda-lime tube, a second 
calcium chloride tube, and the aspirator. The weights of carbon dioxide 
absorbed by the soda-lime were recorded daily. The number of bubbles 
per minute that passed through the culture was regulated by a clamp on 
the rubber tube leading to the aspirator, and was kept constant for all cul- 
tures. Cultures were aerated continuously except while weighings were 
being made, and were kept at a constant temperature of 28° C. for 12 days 
(average of three series). 

Carbon dioxide was produced irregularly in the same culture, and at 
different rates in media containing different treatments. The period over 
which it was produced also ivas influenced by the treatments. The presence 
of bacteria (acetobacter) was found to increase the carbon dioxide value; 
therefore all contaminated cultures were discarded. 

The presence of manganese, copper or zinc in the medium increased the 
rate of production and the total amount of carbon dioxide produced, as 
shown in table II. 

TABLE II 

Peoduction of carbon dioxide, aerobic fermentation 
(average of 3 series) 


Culture 

Weight CO, 

Per cent, of control 


gm . 

per cent . 

Control 

0.2770 

100 

+ Mn 

0.6191 

224 

+ Cii 

0.8474 

306 

+ Zn j 

0.8102 

293 

+ Mn 4- Cu 

1.0164 

367 

+ Mn + Zn 

1.1384 

410 

4 Cu + Zn 

1,1230 

405 

+ Mn 4- Cu + Zn 

1.1657 

421 
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Copper produced a greater effect than did manganese or zinc. Man- 
ganese and zinc shortened the period of production as compared with the 
control while copper extended it. The addition of either manganese, copper 
or zinc to a culture not containing it resulted in an increased production 
of carbon dioxide (fig. 3). The production of carbon dioxide varied 
roughly with the number of cells present in the culture. 



Fig. 3. Addition of Mn, Cu, and Zn to control medium-effect on production of CO 3 . 

In comparison with the theoretical yield, the quantities of carbon 
dioxide produced by all experimental cultures were low. Analj^sis of the 
medium showed inverted sugars to be absent in all treated cultures, and to 
be present only in traces in the control cultures, so the sucrose was evidently 
fomented as rapidly as it was inverted. To determine the effect that 
oxygen passing through the cultures might have had on the production or 
action of invertase, carbon dioxide was determined on a series of cultures 
under anaerobic conditions, imposed by using nitrogen gas to displace the 
carbon dioxide. These cultures, in comparison with similar aerobic cul- 
tures showed a slight increase in the average daily production of carbon 
dioxide. The period of active fermentation was from four to seven days 
longer under anaerobic conditions, the extension being greatest for the 
control cultures. The result was an appreciable increase in the total pro- 
duction of carbon dioxide. A more marked increase occurred in the treated 
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cultures, with the exception of the ones receiving only copper, than oc- 
curred in the controls. Copper, at this concentration, was toxic under 
anaerobic conditions and, when present in cultures, retarded the production 
of carbon dioxide excq)t in the cultures treated with manganese and zinc. 
Table III shows the total amounts of carbon dioxide evolved under 
anaerobic fermentation of sucrose. The retarding effect of oxygen on the 
evolution of carbon dioxide is evident upon comparing table II with 
table III. 


TABLE III 

Production or carbon dioxide, anaerobic fermentation 


Culture 

Weight CO^ 

Pee cent, of control 


gm. 

per cent. 

Control 

0.3829 

100.0 

& Mn 

1.3552 

353.9 

+ Ch 



+ Zn 

1.5604 

407.5 

+ Mn + Cu 

1.4726 

384.5 

- Mn + Zn 

3.0827 

805.09 

+ Cn f Zn 

j 

1.4679 

383.3 

Cu + Mn + Zn 

3.6579 

' 955.2 


Invert sugar could not be detected in the medium of any culture of the 
anaerobic series. Sucrose was found to be present in all cultures in such 
quantities that when calculated to carbon dioxide, it compared favorably 
wutli the difference between the theoretical yield and the quantity evolved 
during fermentation, verifying the carbon dioxide determinations. Sucrose 
w^as fermented under anaerobic conditions as rapidly as it was inverted. 

The weights of yeast obtained under anaerobic fermentation were 
slightly less than in the corresponding aerobic cultures. Atmospheric 
oxygen did not retard the grow^th of yeast cells, but lowered their efficiency 
in fermenting sucrose, presumably by inhibiting the production, or inter- 
fering w’ith the catalytic action of the enzymes, especially invertase. 

To ascertain the effect of the absence of manganese, copper and zinc 
upon zymase, anaerobic controls, each containing dextrose in an equivalent 
quantity to the sugar in the sucrose cultures w^ere investigated. Dextrose 
could not be obtained entirely free from copper and zinc, but the quanti- 
ties of these metals in the cultures were considerably below the optimum. 
Fermentation started immediately, carbon dioxide being evolved at a rela- 
tively uniform rate, averaging 0.045 grams a day, and decreasing slowly 
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as fermentation slackened. The total production of carbon dioxide in dex- 
trose control cultures averaged 0.8279 gm. This quantity was greater than 
that produced by sucrose controls, but less than that of treated sucrose cul- 
tures. Evidently the structure of the sugar was not entirely responsible 
for the low production of carbon dioxide, normal growth of the yeast and 
production of zymase not occurring in the absence of manganese, copper 
and zinc. 

Summary 

1. The sulphate of manganese, copper and zinc, in small quantities, 
increased the dry weight of yeast produced. 

2. Excessive quantities of manganese, copper and zinc salts were toxic, 
resulting in decreased growth or death of the cells. 

3. Copper stimulated cell division and resulted in cells of smaller size 
than in the controls. 

4. Manganese, copper and zinc stimulated production of carbon dioxide, 
copper being more effective than manganese or zinc. 

5. Carbon dioxide was produced in larger quantities under anaerobic 
fermentation than under aerobic conditions. 

6. Control cultures containing dextrose gave but slightly more carbon 
dioxide than did the sucrose controls. 

Kentucky Agricultural Experiment Station, 

Lexington, Kentucky. 
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INFLUENCE OP DRY SOIL ON ROOT EXTENSION 
A. H. Hendbiokbok and F. J. Veihmxtkb 

(with seven FIQtJEES) 

Previous work at this Station (2) shows that the percentages for the 
relative wetness of soils expressed as ratios of soil-moisture contents to their 
respective moisture equivalents may be used to show the development of 
roots, and the results of adequate mdisture samples, taken at proper times, 
indicate with a fair degree of accuracy the presence or absence of roots 
growing in the soils tested. It was further concluded, ‘^that if the soil is 
wet at the beginning of the growing season to the full depth to which roots 
of plants would normally penetrate, subsequent additions of water by rain 
or irrigation, unless adverse conditions for growth are brought about 
thereby, can have but little influence on the extent of the root system de- 
veloped. ’’ 

In connection with the studies from which these findings were drawn, 
the question arose as to whether roots would elongate into dry soil. Shantz 
(6) believes that some drought resistant plants do have the ability to push 
their roots through dry soil, but that ordinary field crops do not. Magistad 
and Breazeale (6), also, believe that some plants will send their roots 
through dry soil and Breazeale (1) thinks that roots will elongate into dry 
soil because of the ‘‘build up’’ of the moisture content of the dry soil by 
water transported from the roots in moist soil. 

Livingston’s work (3) at Tucson, Arizona, shows that the roots of seed- 
lings penetrated downward when the soil was wet from the frequent 
showers of the rainy season, but there is no evidence in his report to show 
that the roots of these plants had the ability to traverse dry soils. 

In the w’ork previously mentioned (2), it was reasoned, largely from 
theoretical considerations, that roots do not penetrate dry soils. Since the 
publication of the previous report some simple experiments have been car- 
ried out to ascertain the influence of dry soil on root extension. 

Penetration of roots through wax seals into wet and dry soil 

During the summer of 1929 a number of large cans with a capacity of 
about ten quarts, holding about 15 kilograms of soil, were filled with soil in 
somewhat the same manner as described by Weaver, Jean, and Crist (8). 
The bottom half of each can was filled with soil, the moisture content of 
"^hich was brought up to a certain percentage by spraying the water on the 
mass of dry soil while constantly turning the latter until sufficient water 
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had been added to bring about the desired moisture content. The soil was 
packed in the bottom half of the container and was covered with a layer of 
wax composed of approximately 80 per cent, paraffin, 10 per cent, petrola- 
tum, and 10 per cent, beeswax. The soil used was a Yolo clay from Davis, 
California, with a moisture equivalent of about 30 per cent, and a residual 
moisture content at permanent wilting of plants, or, as we designate it, a 
permanent wilting percentage of about 14 per cent. The cans were half 
filled with soil containing 5, 10, 14, 15, 20, and 30 per cent, of moisture. 
Four cans were used for each trial. The upper half of each can above the 
wax seal was then filled with dry soil which was tamped in place, and suflB- 
cient water was added to it to raise the moisture content to the moisture 
equivalent. 

Sunflower seeds were planted in the cans, and, after the plants had 
emerged, the surface of the soil was covered with a layer of tin foil to keep 
down evaporation. Water was added to the surface of the soil from time 
to time to maintain a supply of soil moisture readily available in the upper 
half of the cans. After the plants had grown to a height of about 18 inches, 
the cans were cut with tinner’s snips and the cut portion bent down to ex- 
pose the soil. The soil in the bottom half of the cans below the w^ax seal was 
carefully examined for roots. 

Roots were present in those portions of the cans that contaijied soil that 
was above the permanent wilting percentage. In a few of the cans with 
soils drier than the permanent wilting percentage, the wax seal between the 
two layers had not remained intact and some of the water from the irriga- 
tions applied to the soil in the upper half had seeped into the lower half. 
In those cases where it was apparent that the soil had been moistened by 
the downward movement of water through the wax seal, roots were found 
in the lower portion. No roots, however, were found in the lower layer 
w^hen the wax seal remained intact and the soil-moisture content remained 
below the permanent wilting percentage. In a number of cases it was 
noted that the roots actually penetrated through the wax seal, but did not 
grow more than a few millimeters into the dry soil or soil which contained 
less moisture than the permanent wilting percentage. These experiments 
seemed to substantiate our belief that roots would not be pushed into dry 
soil; blit being somewhat indecisive, because water leaked through the wax 
seals in some cases, we decided to make more reliable tests. 

In a subsequent experiment a series of wooden troughs, 180 cm. long, 
15 cm. deep, and 15 cm. wide, lined with galvanized iron was used. The 
troughs were divided into three equal sections by partitions of 6 mm. mesh 
hardware cloth. A wax of the same composition as that previously men- 
tioned was heated and brushed onto the wire cloth which was held in place 
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in the troughs by means of cleats. Several layers of wax were brushed on, 
allowing each to cool before application of the next layer. Each trough 
was tested for leaks by filling the center section with water. These wax 
partitions suited our purpose admirably since they were flexible and did 
not crack either when the soil was tamped in place or when the soil in the 
end sections was alternately watered and dried. The sections of the 
troughs were filled with Yolo clay, the same as that used in the previous 
experiment. In some of the troughs the center sections contained soil with 
a moisture content of about H per cent, which was less than the permanent 
wilting percentage. In others, the soil in the center section was wet 
throughout. The end sections were irrigated and sunflowers and beans 
were planted in them. The plants were watered at frequent intervals un- 
til the end of the experiment. The center sections were covered with a 
double seal of tin foil and plate glass set in putty to prevent evaporation. 
Since there was no significant change in moisture content of the dry soils 
in the center sections of the troughs during the course of the experiment, 
the indications are that roots were not present. 



Fig. 1. Galvanized iron-lined troughs, divided into three sections which are separated 
by waxed partitions and contain wet and dry soil. The sunflowers 
and beans have been allowed to wilt. 

, Figure 1 sliows four of the troughs 48 clays after planting the seeds. 
The plants had been allowed to wilt in order to make sure that the roots 
had permeated the soil in the end sections. Figure 2 shows the same plants 
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within 2 hours after watering the soil. In one of the troughs, holes 
of about 6 mm. diameter were punched through the wax partitions for 
the purpose of insuring the passage of roots through the partition in 
case they were not able to penetrate the wax seal. The center section of 
the trough with the perforated partitions was filled with dry soil (11 per 
cent, moisture content) and no additions of water were made to it through- 



Fio. The same troughs and plants shown in figure 1 after the plants were revived by 
watering. The plants recovered within two hours. 


out the experiment. To avoid the possibility of having water seep through 
the holes in the partitions into the dry center section, the plants 
were watered by means of porous clay cones or auto-irrigators of the type 
described by Livingston ( 4 ) installed as shown in figure 3. The surface 
of the soil in the end sections of the trough was irrigated with small 
amounts of water to start the plants growing but surface applidationsj were 
discontinued as soon as the plants appeared above ground. Water there- 
after was furnished by means of auto-irrigators. 

The seeds were planted on March 14 and continued growing until May 
1, 1930, a period of 48 days. At the end of this time the plants were cut 
off at the surface of the soil, the tin foil and glass covers were removed, and 
the troughs were cut with a hack-saw and the fronts turned down as shown 
in figure 3. The soil in the end and center sections was exposed and could 
be examined carefully for penetration of roots. Roots were found in those 
center sections that had been wetted, but not in those that had been kept 
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Fig. 3. Trough opened 48 days after planting the seeds. The center section was packed 
with dry soil and the end sections were watered with porous clay auto-irriga- 
tors. The method of supporting the waxed partitions is shown. 



Fio. 4. Penetration of roots through the waxed partition when there was moist soil on 

both sides. 
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dry. Figure 4 shows roots which have penetrated the wax partition and 
have grown into the moist soil on the other side of the partition. The re- 
sults of these tests indicate that roots will not grow into soil which contains 
less moisture than the permanent wilting percentage. 



Fig. 5, The waxed wire basket with sunflower and bean plant which had been sur- 
rounded with dry soil for 47 days. Boots penetrated the wax seal but 
extended only a few millimeters into the dry soil. 
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A slightly different type of experiment was carried on at the same time 
as that in the troughs just described. A wire basket was made of hard- 
ware cloth and perforated plate bottom (fig. 5). The basket was coated 
with several layers of the wax, thus forming a flexible but water-tight con- 



Pig. 6 . The can containing the waxed wire basket with the plants was cut to expose soil. 
The roots came through the wax seal and grew into the soil on the outside of 
the basket which had been kept moistened for about 46 days. 
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tainer through which the roots could penetrate. The basket was then filled 
with the same kind of Yolo clay as that used in the troughs and was placed 
in a large sheet-metal can. Yolo clay with a moisture content of about 11 
per cent, was packed around the basket. Water was added to the soil in 
the basket, but the soil outside was kept dry. Sunflower and bean seeds 
w^ere planted in the basket on March 14, and after 47 days, the sunflower 
plants: were as tall as those shown in figure 2. The plants were wilted 
which indicates that the roots had penetrated the entire soil mass within 
the basket. The basket was removed from the can to ascertain whether 
roots had been pushed into the dry soil which had surrounded the basket 
for a period of 47 days. Figure 5 shows the basket removed from the can. 
A few roots had penetrated the wax seal but had not pushed into the dry 
soil. The tips of these roots projected not over a few millimeters from the 
surface of the wax in about the same way that the roots had penetrated the 
wax seals in the troughs and in the 10-quart cans. 

The wire basket was replaced in the can and again surrounded with dry 
soil. The soil inside tlie basket was watered, and the plants revived and 
continued to grow^ Watering the soil inside the basket w^as discontinued 
after about tw^o weeks and, instead, the soil on the outside of the basket was 
irrigated. The soil inside the basket dried out, but we were able to keep 
the plants from waiting by watering the soil outside. 

On August 1, or about 45 days after the soil surrounding the 
wire basket was first wetted, the can was cut and the cut portion turned 
down to expose the soil as shown in figure 6. By August 1, the sunflow er 
plants had matured and were cut off at the surface of the soil, but a bean 
plant remained. The roots had penetrated the w^ax seal and had grow n 
out into the moist soil as evidenced by figure 6. 

Distribution of roots as affected by auto-irrigators 

The trough in which the porous clay auto-irrigators were installed also 
afforded us an opportunity to observe the distribution of roots as affected 
by these devices. Figure 7 shows that roots accumulate in the soil w-hich 
is moistened in the immediate vicinity of the irrigators, but not in the other 
portions. There w’ere many roots around the irrigators, a comparatively 
few between, but none were pushed through the perforated waxed parti- 
tions into the dry soil in the central section (fig. 3). As mentioned be- 
fore, the surface of the soil in this trough was wet in order to start the 
plants growing, but thereafter water was supplied only by the auto-irri- 
gators. Figure 7 also shows that only a relatively small portion of the soil 
was moistened by the irrigators. We believe the condition illustrated in 
figure 7 is typical of that w’hich probably wall be found in soils moistened 
by auto-irrigators. 
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Fig. 7. Matted roots around the porous clay auto-irrigators. 


These devices have been used by a number of investigators for the pur- 
pose of maintaining desired moisture contents of soils. The usual arrange- 
ment is to place a U tube containing mercury between the irrigator and 
the source of supply, as the moisture content of the soil is thought to be 
dependent upon the resistance against which the water must be drawn. We 
believe, however, that increasing the resistance simply results in decreasing 
the amount of soil wetted during the time usually allowed for grow- 
ing plants, but does not result in wetting the soil in the container to a uni- 
form moisture content, which is controlled by the resistance. Shaw (7), 
also, points out that the soil does not supply any of the “suction” force 
but functions the same as though it were lifting water from a free water 
surface. The development of roots of plants in containers at different soil- 
moisture contents could be studied accurately if it were possible to main- 
tain a uniform soil-moisture content. However, we have been unable to 
maintain a uniform moisture content in soils on which plants are growing. 

University of California, 

Davis, California. 

LITERATURE CITED 

1. BreazeaIaB, J. P. Maintenance of moisture equilibrium and nutrition 

of plants at and below the wilting percentage. Arizona Agr. Exp. 
Sta. Tech. Bull. 29. 137-177. 1930. 

2. Conrad, J. P., and Veihmeyer, F. J. Root development and soil mois- 

ture. Hilgardia 4 : 113-134. 1929. 





576 


PIjANT PHYSIOIjOGY 


3. Livingston, B. E. The relation of desert plants to soil moisture and 

to evaporation. Carnegie Inst., Washington, D. C. Pub. no. 50. 
1-78, 1906. 

4. . Porous clay cones for the auto-irrigation of potted 

plants. Plant World 21 : 202-208. 1918. 

5. Magistad, 0. C., and Breazeale, J. F. Plant and soil relations at and 

below the wilting percentage. Arizona Agr. Exp. Sta. Tech. Bull. 
25. 1-56. 1929. 

6. Shantz, H. L. Drought resistance and soil moisture. Ecology 8 : 145- 

157. 1927. 

7. Shaw, C. F. The measurement of “suction forces” in soils. Soil Sei. 

27 : 111-115. 1929. 

8. Weaver, J. E., Jean, F. C., and Crist, J. W. Development and activi- 

ties of roots of crop plants. Carnegie Inst., Washington D. C. 
Pub. no. 316. 1-117. 1922. 



(X)MPARISON OP METHODS OP DETERMINING MOISTURE IN 

CORN TISSUES^ 

J. D. Sayre and V. H. Morris 
(with one figure) 

Introduction 

A series of studies on the physiology of the corn plant has involved a 
large niiiuber of moisture determinations. There has been wide variation 
in the moisture content of the various tissues and they undergo changes 
in moisture content along with seasonal development. Many of the mea- 
surements made in physiological studies involve calculations based either 
on dry weight or on the amount of sap in the tissue. It is important, there- 
fore, to have simple rapid methods which will measure moisture content 
accurately. 

Pour different methods of determining moisture content have been used 
at different times and for different purposes. These methods involve sap 
expression, toluene distillation, air drying, and alcoholic extraction. Al- 
though the methods had been checked against each other several times it 
was desirable to carry out a more comprehensive comparison. 

Material 

A single variety of corn, Burr-Learning, was used and the samples con- 
fined chiefly to leaf and lower-stem tissues, these differing widely in mois- 
ture content. The comparison was carried out with 16 samples taken on 
eight different dates from July 7 to Sept. 8, 1930. 

The corn tissue was prepared for analysis by passing approximately one 
kg. through a food grinder. From this, comparable samples were weighed 
out and the moisture content determined in duplicate by the different 
methods. 

Methods 

Sap expression . — The total moisture content of fresh corn tissue may 
be determined conveniently in studies which involve the expression of cell 
sap. It is necessary, however, that the type of press cage used allow com- 
plete recovery either of the press cake or of the expressed sap. The type 
of h 3 ^draulic press and press cage used in this study has been previously 

1 Based on investigatioi^s cooperative between Division of Cereal Crops and Diseases, 
Bureau of Plant Industry, United States Department of Agriculture and the Depart- 
ment of Agronomy, Ohio Agricultural Experiment Station. 
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described ( 4 ). In using this press 100 gm. of the samples were placed in 
the cage and the sap expressed at a pressure of 5,000 lb» per sq, in. The 
press cake was removed completely and weighed, the difference between 
this weight and 100 being the weight of the sap expressed. The quantity 
of moisture remaining in the press cake was determined by drying in an 
oven. The moisture content of the expressed sap was found by subtract- 
ing the total solids content as determined by a corrected refractometer read- 
ing from the total weight of sap expressed. The total moisture content of 
the original tissue then was the sum of the moisture remaining in the press 
cake and that in the expressed sap. 

Toluene distillation , — A modification of the toluene distillation method, 
described by Bidwell and Sterling (1) and applied to plant tissue by 



Fio. 1. Apparatus for determining moisture content of plant tissue by toluene distil- 
lation. 
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Gilbert (3), has been used extensively and successfully with corn tissue. 
The apparatus, modified for use with plant tissue containing large amounts 
of moisture, is shown in figure 1. In making the determination, 50 gm. 
of the sample were placed in a one-liter Erlenmeyer flask and covered with 
toluene. The flask was then connected to the apparatus for distillation 
and the contents of the flask brought to boiling over an electric ring heat- 
ing unit. The mixture of toluene and water vapor passes through the tube 
into the condenser and, on condensing, drops into the receiver. This is a 
50-ml. graduated cylinder calibrated in 2/10 ml. The water settles to the 
bottom and the quantity can be read directly. 

Air drying , — The determination of moisture content by air drying was 
carried out by spreading a 50-gm. sample in a thin layer in a tray and 
placing it in a dry room maintained at about 48® C. After drying several 
days the residue was weighed and the moisture found by difference. It was 
necessary to use samples of at least 50 gm. due to the variability of the 
tissues, as well as to carry out a large number of determinations simulta- 
neously. These conditions precluded the use of a small air oven or vacuum 
oven. 

Alcoholic extraction , — ^In determining the moisture content of tissues 
preserved and extracted with 80 per cent, alcohol the usual procedure was 
followed, using 50-gm. samples. The total dry weight of the alcohol extract 
and that of the residue were determined and the moisture content found 
from the difference between the sum of these and the original green weight 
of the sample. 

Results 

The percentages of moisture as determined by the different methods are 
shown in table I, the duplicate determinations being entered in columns 
a and h under each method. The four methods were then compared with 
regard to: (1) agreement in determining the mean moisture content of all 
samples, (2) agreement in determining the moisture content over the entire 
range represented by the samples, and (3) the relative precision of the 
different methods in determining the moisture in duplicate samples. The 
comparisons are made in table II. 

The mean of the 16 samples, as shown in table II, was 79.07 per cent, 
for sap expression, 79.18 per cent, for toluene distillation, 78.48 per cent, 
for air drying, and 78.95 per cent, for alcoholic extraction. The significance 
of the differences among these means was tested, using Fisher’s (2) 

formula ^=» ^V^ and the probability tables given by Student (6). The 
s 

odds were 332 : 1, 66 : 1, 332 : 1 against random differences as large as those 
between the means determined by air drying on the one hand and those 



TABLE I 

Percentages of moisture in samples op corn tissue as determined by pour methods 
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TABLE II 

Comparison op pour methods op determining moisture content op corn tissue 


Method 

Sap 

expression 

Toluene 

distillation 

Air 

DRYING 

Alcohol 

EXTRACTION 


per cent. 

per cent. 

per cent. 

per cent. 

Mean moisture content 

79.07 

79.18 

78.48 

78.96 

Significance of difference 
between means 

Odds 

Odds 

Odds 

Odds 

Sap expression 


2:1 

332:1 

2:1 

Toluene distillation 



66:1 

4:1 

Alcoholic extraction 



332:1 


Product moment coeffi- 





cient of correlation 1 

r 

r 

r 

r 

Sap expression . ' 


0.986 ± 0.005 

0.995 ± 0.002 

0.993 ± 0.003 

Toluene distillation 

1 


0.988 ± 0.004 

0.992 ± 0.003 

Alcoholic extraction 

1 


0.997 ± 0.001 


i 

per cent. 

per cent. 

per cent. 

per cent. 

Standard error j 

0.34 

0.35 

0.33 

1 

0.20 


deteriiiined by sap expression, toluene distillation, and alcoholic extraction, 
respectively. 

It is probable that the lower moisture contents indicated by air drying 
were due to the way in which the method was used. If the samples had 
been subjected to further drying at a higher temperature, or in a vacuum 
oven, better results might have been expected. 

The differences among the means as determined by sap expression, by 
toluene distillation, and by alcoholic extraction were such as well might be 
due to chance, the odds not exceeding 4 : 1 in any comparison. It may be 
concluded, therefore, that tJiese three methods are in excellent agreement. 

The product moment coefficients of correlation for moisture content in 
the different samples as determined by the different methods ranged from 
0.986 to 0.997. These are so close to perfect correlation as to show conclu- 
sively that the methods could be used interchangeably within the limits of 
variation as to kind and stage of tissues used which obtained in these 
experiments. 

/ Xrf* 

The standard error, \ r^-T is used to measure the precision 

of the different methods. In this formula indicates the sum of the 
squared deviations of the duplicates from their mean for each of the 16 
samples ; m is the number in a group, here the two of each pair ; and n is 
the number of samples. As show^n in table II, the standard error for the 
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alcoholic extraction method, 0.20 per cent, is less than that for the other 
three methods, Le,, 0.34 per cent, for sap expression, 0.35 per cent, for 
toluene distillation, and 0.33 per cent, for air drying. Even these latter 
errors are less than one-half of one per cent, of the total moisture content ; 
so all of the methods are satisfactory from this point of view. 

Discussion 

It is apparent from these results that choice among these methods of 
moisture determination for any particular physiological investigation will 
depend on their relative convenience in that investigation, the equipment 
available for the work, and the kind of tissue being used. The toluene dis- 
tillation method can be used on any kind of tissue, while the sap expression 
method is limited to tissues from which the sap can be expressed. The 
alcoholic extraction and air drying methods can be used for any type of 
tissue. It is necessary to spread the material out in a thin layer for proper 
results by the air drying method. 

If expressed sap is to be used for physical or chemical measurements, 
the moisture content of the tissue can be determined incidentally to that 
procedure, provided the right kind of press cage and hydraulic press are 
available. If plant tissue is to be analyzed by the alcoholic extraction 
method, the moisture content can be determined very accurately on the same 
samples. In other investigations, toluene distillation may be most con- 
venient. Distillation may be immediate, in which case the data are avail- 
able in less than three hours after sampling, or the flasks may be carefully 
stoppered after adding the toluene and distillation postponed indefinitely. 
Finally, in investigations in which the tissue is dried, as for mineral 
analysis, the moisture content can be determined nearly as accurately as 
by the other methods. 

Summary 

A comparison of four methods of determining the moisture content of 
corn tissue indicates : 

1. The alcoholic extraction method m as less variable tlian the sap expres- 
sion, toluene distillation, or air drying methods. 

2. The differences in moisture content due to differences in kind of 
tissue and to seasonal changes as measured by the four methods were 
almost perfectly correlated (r = 0.986 and over). 

3. The air drying method indicated a significantly lower moisture con- 
tent than any of the other methods. The differences were small, however, 
and may have resulted from the specific technique employed. 

4. Sap expression, toluene distillation, and alcoholic extraction all indi- 
cated an almost identical moisture content within very narrow limits of 
random sampling. 
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The authors are indebted to Mr. F. D. Richey, Principal Agronomist in 
Charge of Corn Investigations, Division of Cereal Crops and Diseases, for 
suggestions and criticisms of the statistical analysis of data presented in 
this paper. 

Ohio Aoeicultcral Experiment Station, 

Wooster, Ohio. 
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EFFECTS OF HIGH SOIL MOISTURE AND LACK OF SOIL 
AERATION UPON FRUITING BEHAVIOR OF 
YOUNG COTTON PLANTS^ 

W. B. Albert and 6. M. Armstrong 
(with one pigdre ) 

y 

Introduction 

An unusual shedding of very young cotton fruit buds was observed 
during tlie early part of the fruiting season in 1928 in the coastal section 
of Soutli Carolina. This phenomenon was an important factor in limit- 
ing crop yields in many areas throughout that section. The young buds 
turned a distinct brown color and were aborted in most cases at the ages 
of one to five days. The greatest shedding of fruit buds usually occurs 
later in tlie season at ages of approximately six to eight days, the buds 



Fig. 1. Stalk no. 1 shows practically normal fruiting as compared with stalk no. 2 from 
which all early squares have aborted. Stalk no. 1 has one boll, 1 bloom, 

28 squares. Stalk no. 2 has six squares. 

1 Technical contribution (New Series) no. 5 from the South Carolina Agricultural 
Experiment Station. 
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generally having a lighter green color than normal. Figure 1, taken from 
the Annual Report of the South Carolina Experiment Station for 1928 ( 1 ), 
shows an affected and a healthy plant. This injury is similar to that 
caused by the cotton flea hopper, Psallns seriatus Reuter, but repeated 
examinations by entomologists failed to reveal the presence of these insects. 

Relatively low temperatures and frequent rains, which resulted in the 
soil being near the saturation point, occurred during the period of bud 
abortion. This suggested that poor soil aeration might influence materiall}’ 
the fruiting behavior of young cotton plants in the field. A survey of the 
effect of aeration on the root development of a variety of plants has been 
presented by Clements ( 5 ). Cannon ( 4 ) has pointed out the importance 
of temperatures in studying root behavior in various concentrations of 
oxygen. It was observed that normal root growth in several species of 
Oossypium occurred in soil atmospheres containing eight per cent, oxygen 
but that growth ceased when the concentrations of oxygen were below two 
per cent. Carbon dioxide injury to roots was related to the ages of the 
roots and also to the stage of development of the plant. Weaver and 
Clements (8) present a general discussion of the importance of soil aera- 
tion to root growth. Weaver and Himmel (9) report earlier production 
of flower stalks on Typha in a drained and aerated soil than in a water- 
logged soil. 

The results reported in this paper were obtained from a study of some 
of the direct and indirect effects of high soil moisture upon the fruiting 
behavior of young cotton plants. 

Experimental methods 

Cotton was grown on two plats of Norfolk fine sandy loam soil, each 
with about 250 plants spaced 12 inches apart in four-foot rows. An un- 
treated plat served as a check, the other plat receiving approximately two- 
thirds of an inch of tap water daily, except on rainy days when no tap 
water was applied. The tap water was applied with a hose in the after- 
noon. An attempt was made to keep the soil of the flooded plat at or near 
the saturation point. The fruiting record of each plant on both plats 
included the appearance of fruit buds and their subsequent shedding or 
production of bolls. The soil moisture content, hydrogen ion concentra- 
tion, nitrate content, carbon dioxide and oxygen content of the soil air of 
both plats was obtained at various intervals. Tests for nitrites, ferrous 
and ferric iron of the soil solution were also made at various times. Col- 
lodion bags as described by Pierre and Parker (6) were used to obtain 
diffusates for making nitrate determinations by the phenoldisulphonic acid 
method ( 2 ) and for hydrogen ion determinations by means of a Hellige 
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comparator. Soil air from the two plats was obtained with a device simi- 
lar to that described by Russell and Apple yard (7) and was always ob- 
tained at a depth of six inches. 

The applications of water were begun at the appearance of the first 
fruit buds and were discontinued when appreciable numbers of blooms 
were present. 

Results 

The total fruit bud production and the percentage of bud and boll 
shedding at various periods are given in table I. It will be noted that the 
production of fruit buds was greater and the percentage of shedding less 
in the check plat than in the flooded plat, the total percentages of shedding 
being 8.0 and 15.1, respectively. The percentage of shedding was greatest 

TABLE I 

Fruit bud production and bud and boll shedding at various periods 



Flooded 

- 

Check 

Condition of plants 

Total 

NUMBERS 

Shedding 

Total 

NUMBERS 

Shedding 

Plants 

238 

per cent. 

202 

per cent. 

Fruit buds produced 

5056 


6337 


Fruit buds shed 1-10 days after ap- 
pearance 

248 

4.9 

207 

3.3 

Fruit buds shed 11-20 days after ap- 
pearance 

411 

8.1 

253 

4.0 

Fruit buds shed between 21 days and 
bloom 

94 

1.9 

41 

0.6 

Bolls shed 

10 

0.2 

3 

0.05 

Fruit buds and bolls shed, all ages 

763 

15.1 

504 

8.0 


on both plats when fruit buds were between 10 and 20 days of age. It 
should be recalled that in 1928 the abundant shedding of fruit buds oc- 
curred when they wTre from one to five days of age. If the numbers of 
fruit buds shed at ages of one to 10 days in this experiment are calculated 
as percentages of the total which were shed, it is found that 32.5 per cent, 
were lost on the flooded plat in contrast to 41.1 per cent, on the control or 
check plat. After the fruit buds were 10 days of age, the percentage of 
shedding was greater on the flooded than on the check plat. 

Table II gives the number of fruit buds that appeared during each 
period, the number that shed during these periods, and also the percentage 
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TABLE II 

Total number of fruit buds produced, total number of fruit buds shed, and per 
CENTAGE OF SHEDDING FOR EACH PERIOD CALCULATED ON A BASIS OF 200 PLANTS 



Flooded 

Check 

Date 

(1929) 

Number 

OF 

SQUARES 

PRODUCED 

Number 

OF 

SQUARES 

SHED 

Squares 

SHED 

Number 

OF 

SQUARES 

PRODUCED 

Number 

OF 

SQUARES 

SHED 

Squares 

SHED 

June 11 . 

282 

84 

per cent. 
29.9 

380 

74 

per cent. 
19.8 

June 13 

252 

44 

17.7 

192 

44 

25.1 

June 15 

274 

60 

22.0 

232 

66 

28.4 

June 18 , 

218 

62 

29.2 

356 

68 

19.2 

June 20 

270 

62 

23.7 

188 

30 

■ 16.4 

June 22 

246 

52 

21.7 

240 

36 

15.6 

1 

June 25 and 26 

646 

118 

18.7 

662 

60 

9.3 

1 

June 27 and 28 . 

252 

58 

23.5 

362 

22 1 

6.3 

June 29 and July 1 

294 

32 

11.4 

442 

21 1 

4.9 

July 2 and 3 . 

236 

oo 

9.9 

698 

21 

3.1 

July 5 and 6 

276 

18 

6.4 

758 

24 

3.4 

July 8 and 9 

436 

19 

4.4 

776 

11 

1 1.5 

July 10 and 11 . 

496 

8 

1.7 

748 

3 i 

i 1.6 


of shedding. It will be noted that the percentage of shedding was appre- 
ciably greater on the flooded than on the check plat for each period M’ith the 
exception of June 13 and June 15, which was shortly after the applications 
of water were begun. 

Table III shows the percentages of moisture in the top soil of the con- 
trasted plats, the percentages of oxygen and carbon dioxide in the soil air, 
and the percentages of shedding on each plat for the various periods. The 
percentages of oxygen in the soil air were consistently lower and the per- 
centages of carbon dioxide higher in the flooded plat than in the check plat. 
The soil of the flooded plat usually contained more moisture than that of 
the check plat, the one notable exception occurring in the period June 
27-28 when there was a heavy rainfall. Soil samples were taken just be- 
fore the water was applied to the flooded plat, so that the percentages of 
soil moisture given in table III were the lowest to which the plants of that 
plat were subjected. 



TABLE III 

Percentages or soil moisture, carbon dioxide, and oxygen c*ontent op soil air of field plats compared with 

THEIR SHEDDING PERCENTAGES OP VARIOUS PERIODS 
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The hydrogen ion determinations and the nitrate analyses showed no 
significant differences. Nitrites were never present in more than traces. 
Tests for iron in the ferric and ferrous form in the collodion bag diffusate 
were always negative. 

Experimental work on flooding carried out in greenhouse soil beds gave 
results similar to those presented, and the data are omitted. 

Discussion 

The shedding of fruit buds in this experiment did not occur at the same 
stages of bud development as that reported in 1928 ( 1 ), which suggests 
that the physiological responses of plants in this experiment were different 
from those of the field plants of 1928. Since warm, clear weather predomi- 
nated throughout this experiment, in contrast to cool, cloudy weather in 
1928, a different response might be expected. It should also be mentioned 
that the water-logging of the soil in this experiment did not occur until 
shortly after fruit buds appeared whereas this condition was present for 
some time before their appearance in 1928. The data show, however, that 
an increased percentage of fruit bud shedding and a retardation in plant 
growth were associated with poor soil aeration induced by the maintenance 
of a high moisture content. The percentage of oxygen in the unflooded 
soil air was only slightly less than that of normal air, in contrast with the 
soil air of the flooded plat which was appreciably lower than that of the 
atmosphere. According to Cannon ( 4 ), normal root growth will occur 
wth an oxygen concentration of eight per cent, in the soil air. At only 
one time during this experiment was the concentration of oxygen in the 
flooded plat lower than eight per cent. The percentage of carbon dioxide 
in the soil air of the flooded plat varied considerably but was usually two 
to three times that of the check plat. It should be mentioned that samples 
of soil air were always obtained just before flooding, so that the percentage 
of carbon dioxide was probably at the lowest and the percentage of oxygen 
at the highest for the interval between times of sampling. The concentra- 
tion of carbon dioxide in the soil air that interferes with the growiih and 
functioning of the roots of cotton plants is not definitely known. The work 
cited by Clements (6) would seem to indicate that concentrations of three 
to five per cent, of carbon dioxide might influence root development and 
function, thus leading to the decrease in fruitfulness and the increase in 
fruit bud abscission which occurred in this experiment. Balls (3) noted 
that raising the water table of irrigated Egyptian cotton fields was accom- 
panied by an increased shedding of fruit. To determine more specifically 
the independent effects of soil aeration on cotton fruit bud development, 
experiments should be conducted in which temperature and light in addi- 
tion to moisture and gas content of the culture medium are controlled. 
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Summary 

1. A larger percentage of fruit buds was shed from cotton plants grown 
under conditions of high soil moisture content than from plants grown 
under more nearly optimum conditions of soil moisture. 

2. The percentage of oxygen was lower and the percentage of carbon 
dioxide was higher in the soil of the flooded than of the unflooded plat. 

3. A high percentage of carbon dioxide and a low percentage of oxygen 
in the soil air were associated with an increase in the percentage of shed- 
ding of fruit buds. 

ClEMSON AORICtrLTirBAL AND MECHANICAL COLLEGE, 

Clemson College, South Carolina. 
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BRIEF PAPER 


PROOF OP THE ESSENTIAL NATURE OF COPPER 
FOR HIGHER GREEN PLANTS 


(with two figures) 

In connection with experiments reported in this journaP by A. L. 
Sommer and the senior author one experiment was conducted to determine 
whether or not copper is essential to the higher green plants. In that 
experiment flax was used as the experimental plant, and a series of cultures 
was run in culture solutions containing no copper with a parallel series the 
same in all respects except that 0.125 ppm. of Cu was added in the form 
of CuSO*. The plants in the two series grew equally well until the time 
of blossoming arrived, when it was noted that those in the series without 
Cu bloomed much less than the plants in the other series, but particularly 
that no plant deprived of Cu produced any seed capsule or seed. Since 
there were many plants in each series, and since every plant receiving Cu 
produced many seeds it appeared that the results Mere so striking as not 
to be accidental. Nevertheless, the senior author decided to run an experi- 
ment Mith another type of plant before reporting on the results. It did 
not prove feasible to start such an additional experiment until last fall. 
At that time the experiment described beloM^ Mas begun, and barley 
{Horde Km vulgare) instead of flax M^as tested. Since the experiment with 
barley M'as almost strictly parallel in its technique M*ith that of the flax 
the details of the latter experiment will not be given, in the interest of 
economy of space ; but the technique of the experiment M'ith barley is given 
in detail, oMung to the striking agreement of the results in the two cases, 
M’hieh prove, so far as M^e are aware, for the first time the definite need by 
plants for the element Cu, which must noM^ be added to the steadily growing 
list in recent years of chemical elements essential to plants. 


Experimental technique employed 

The plants were grown in 2 liter Pyrex beakers in solutions of the fol- 
lowing composition. Each beaker received; 


1,600 milligrams 
300 


KNO 3 
KH3PO4 
MgSO^ TH^O 
NaCl 

MnSO^ • 7H.>0 

Al3(SOj3 

ZnS04 

HaBOs 

CaSO* 

NaoSiOg 

FeSO* 

1 Plant Physiol. 1 ; 1926. 


1,000 

25 

3 

1 

1 

1 

300 cc. of a saturated solution 
2 cc. 

as needed 
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The salts used were recrystallized several times and tested for the pres- 
ence of Cu by the pyridine colorimetric method.^ The limit of impurity 
with respect to Cu for each culture was determined to be less than 0.01 ppm. 
of Cu. The non-absorbent cotton plugs used to support each seedling 
showed no trace of Cu after remaining over night in dilute solu- 

tion on the steam bath. The culture solutions were renewed once only 
during the experiment and viz, about 6.5 weeks after the commencement 
of the experiment. 

Four barley seedlings were set out in each beaker and were approxi- 
mately 6 cm. high at the start. Ten such beakers were used as controls to 
which no copper was - added. Five beakers received each enough CuSO* 
to make a concentration of 0.0625 ppm. Cu (0.125 mg. Cu) and five more 
beakers received each enough CUSO4 to make a concentration of 0.125 ppm. 
Cu (0.25 mg. Cu). 

Observations on the cultures 

The experiment was started on the 6th of November, 1930, and the 
following notes were made during the course thereof : 

14th November, All plants in the three series look about the same. 
No evidence of toxicity of either concentration of Cu employed. 

5th December, Plants receiving Cu seem to have longer and more 
vigorous roots than those receiving no Cu, but all plants and roots appear 
healthy. 

23rd December, All culture solutions were renewed. New solutions 
were of the same composition as the old. 

5th February, Plants in series receiving copper beginning to head out, 
but no heads in control cultures. 

6th February, All plants in series receiving copper have heads, but 
only three plants in the control series show heads. 

12th February, All plants have produced heads in all series. 

20th February, JJo anthers visible in flowers of plants in control 
series, but plentiful in those of series receiving Cu. 

20th March, Grain is well set in all plants receiving Cu, but apparently 
none in plants of the control series. 

24th March. All plants were harvested. 

During the period December to March the plants were attacked several 
times by aphis. Tobacco fumigation disposed quickly of these attacks. 
On the other hand, owing to many cloudy days during the same period, all 
plants suffered to some extent from attacks of mildew which, to avoid com- 
plications, was not treated. Artificial illumination, in addition to sunlight, 

2 Jour. Biol. Ohem. 81: 1929. 
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was resorted to during January and part of February because of deficiency 
in sunshine and short periods of daylight. 

Results of the experiment 

In order to set forth briefly the results of the experiment we have 
arranged in table I the essential data. Comments on these follow. 

The most striking feature of the data in table I is that dealing with head 
production in the barley plants. While apparently there is no significant 
difference as between the control plants and those receiving Cu in regard 
to the number of heads which emerged it is perfectly clear that the flowers 
of all plants in the control series were atrophied, whereas all plants receiv- 
ing Cu produced good grain. In order to emphasize this point we accom- 
pany this paper with photographs, figures 1 and 2, which show some of the 
heads produced in each series of plants, the best and poorest heads having 
been chosen from each series so as to show the range of variability in addi- 
tion to the main point of the demonstration. It will be noted that the 
heads in all series are small. This is attributable to the poor growing con- 
ditions of the winter season and the attacks of mildew on the plants, as well 
as to the impossibility of growing perfect plants to maturity in two liters 



Fio. 1. Photograph showing the best and poorest h^ads produced in tjie absence of 
copper in the culture solution. 


Data illustrating the essential nature of coppir to green p 
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Fio. 2. Photograph showing the best and poorest heads produced with varying amounts 
of copper in the culture solution. (See table I.) 


of solution changed only once in the growing season. But there is no room 
for doubt that barley plants (and as above indicated, also flax plants) will 
not produce seed without Cu in the root medium. The next point which 
should be emphasized in connection with the results in table I is the dis- 
tinctly favorable effect exerted by Cu on root production. While the root 
and top production seems to be reversed in amount in the plants with and 
without Cu it should be noted that this is true only when the weight of the 
grain is not taken into account. Apparently the leaves and stalks of plants 
producing no grain contain more dry matter than those of plants produc- 
ing good grain, but the weight of the grain is, on the other hand, infinitely 
greater in the plants receiving Cu than in those receiving no Cu. Even 
so, however, and in spite of the great variability in dry weight production 
between the individual cultures, the plants receiving Cu have produced 
more total dry matter than those not receiving it. It seems also to be be- 
yond the pale of accident that as regards dry matter production the plants 
receiving the larger quantity of Cu produced more dry matter than those 
receiving the smaller quantity of Cu and also that this holds similarly for 
root production. Before proceeding to a summary of this experiment,, 
attention should be drawn to the striking difference between the top-root 
ratios of the several cultures. The high top-root ratios in the control cul- 
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tures emphasize again the smaller root development in plants receiving no 
copper* 

Discussion 

The experiment described above proves conclusively that copper is 
essential to the welfare of the barley plant, and in view of the fact that 
similar results were obtained earlier with flax the presumption is strong 
that such a need for Cu is common to the higher green plants in general. 
While the results would seem to indicate the conclusion that Cu is necessary 
only for normal flowering and seed production, such a conclusion cannot 
be accepted without reservations. It must be remembered that the seeds 
in all series contained copper. The salts and the water used contained a 
trace of Cu, even though the salts were very pure and the water carefully’’ 
redistilled before use. A trace of copper may have been present from solu- 
tion of the glass. Most important of all, small quantities of Cu must have 
entered the solution from dust particles falling on the paraffined plaster 
of Paris covers used to hold the plants and cover the beakers. The appre- 
ciable quantities of Cu which must thus have been at the disposal of every 
culture whether Cu was added intentionally or not renders it probable that 
Cu is essential not only to seed production but to the growth of the plant 
in all stages. This view is somewhat strengthened by the behavior of the 
roots in the control cultures. We predict that it will be possible to show 
the essential nature of Cu to growth of the plant in any stage by excep- 
tional purification of salts and water, by the total elimination of dust, and 
by the amputation of as much of the seed after germination as possible. It 
is highly probable that if Cu were needed by plants to the extent to which 
Zn and B are needed by them, it would be possible to show the effects of 
lack of Cu on plants to be parallel to those shown by Sommer and Lipman 
in the paper cited above for the other elements. 

It is singularly remarkable that with all the difficulties attaching to the 
technique of such experimentation it is still possible to show so strikingly 
the effects of the presence or lack of an element like Cu which plants re- 
quire in such very small quantities, and when quantities of Cu above 0.25 
ppm. in the medium have been shown in our earlier experiments to be dis- 
tinctly toxic. The range in the amounts of Cu between those which are 
essential to plants and those which are toxic is very narrow indeed. 

As regards the function of Cu in the plant cell, we are as much in tlie 
dark as w© are about the specific functions of the other chemical elements 
which are essential to plants. There is ample evidence in the literature on 
the universal occurrence of Cu in plant tissue. We give conclusive evi- 
dence above that such presence of Cu in plants serves an essential purpose 
therein. But it still remains to be shown what essential purpose it serves. 
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In this respect we face one of the most difficult of many difficult problems 
in the mineral metabolism of plants. We are wholly ignorant of the spe- 
cific functions of any of the essential chemical elements which do not them- 
selves enter into the structure of molecules of organic matter. 

Conclusions' 

1. Barley plants are shown to be unable to produce seed without the 
presence of a small quantity of Cu in the root medium. 

2. This does not prove necessarily that Cu is essential to seed produc- 
tion per se. Discussion is given to show that another conclusion is possi- 
ble, namely, that Cu is essential to every phase of plant growth. 

3. This confirms similar work carried out several years ago in this lab- 
oratory with flax plants with similar results. 

4. One-sixteenth to one-eighth of a part per million of Cu in the root 
medium is sufficient to give the results noted above. 

5. Other points pertinent to the experiment are discussed. — C. B. 
Lipman and G. Mackinney, University of California. 

9 After the manuscript of this paper was in the hands of the editor we learned of 
the paper on the same subject by A. L. Somm3Sb which appeared in the April issue of 
Plant Physiolooy. In view of the fact that we were not aware of De. Sohueb's 
work, it is interesting to note the confirmation of these two investigations by each other. 
It is particularly interesting, in view of Da. Sommer’s results, to read again our dis- 
cussion of our own results which was written without a knowledge of the results obtained 
by Dr. Sommer. 




NOTES 


Annual Election. — The Secretary of the American Society of Plant 
Physiologists has announced the election of the following officers for the 
year 1931-1932 : President, Dr. W. E. Tottingham, University of Wiscon- 
sin; Vice-President, Dr. R. B. Harvey, University of Minnesota. The 
Society should continue its splendid growth during the coming year with 
this vigorous leadership. 

Pasadena Meeting. — The summer meeting of the Society, held at Pasa- 
dena in conjunction with the meeting of the American Association for the 
Advancement of Science, was well attended by members in the Pacific 
Coast and Rocky Mountain regions, and those reading papers were greeted 
by audiences numbering 60-80. Dr. D. R. Hoagland presided over the 
meeting. The arrangements were quite satisfactory except that a meeting 
of physiologists happened to be scheduled at the same time as a valuable 
symposium on photosynthesis and photochemical reactions held by the 
chemists. These occasional confiicts emphasize the desirability of having 
the programs of all sections and societies correlated, and coordinated, 
through some central agency. This sort of supervision might be exercised 
by the A. A. A. S., if the various societies did not feel that their rights were 
being invaded by such suggestive supervision. The central office is the 
only one which receives full information as to programs of all groups, and 
is, therefore, the logical source of help in avoidance of conflicts. 

Pasadena provided perfect climatic conditions for the meetings, and the 
excursions to points of interest about Pasadena, Los Angeles, Hollywood, 
Santa Monica, the Mount Wilson Observatory, etc., were greatly enjoyed 
by everyone. 

Conunittee on Incorporation . — A committee was appointed some time 
ago by Dr. H. R. Kraybill, President of the Society, to study the advan- 
tages and disadvantages involved in the incorporation of the American 
Society of Plant Physiologists. The committee consists of Dr. Walter 
Thomas, chairman. Dr. B. E. Livingston, and Dr. J. B. Overton. The 
committee is expected to report its findings at the next annual meeting, in 
New Orleans, and this report will serve as a basis for discussion and possi- 
ble action at that time. 

Lantern Slides of Plant Ph3r8iologi8t8. — On various occasions attention 
has been called to the historical heritage of plant physiology, a priceless 
asset of this branch of botanical science. Several important steps have 
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been taken to build up a knowledge and appreciation of this history, and 
to create an interest in the great personalities associated with the rise of 
plant physiology to its present position. 

It is appropriate to call attention here to the possibility of securing lan- 
tern slide portraits of some contemporary physiologists, as well as of the 
great leaders of the past. Institutions or individuals who may be inter- 
ested in securing them at moderate cost, can select from a list of 80-100 
names by writing to Dr. E. B. Harvey, University Farm, St. Paul, Minne- 
sota. The current cost is about 50 cents per slide. 

Purdue University Section. — The Purdue University Section of the 
American Society of Plant Physiologists held their annual Spring dinner 
meeting on Tuesday evening, April 7, 1931. The local section had as the 
guest of the occasion, Dr. Edgar Nelson Transkau, Head of the Depart- 
ment of Botany, Ohio State University. Dr. Transeau spoke on “The 
Prairie Peninsula,^’ and iJlustrated his discussion with many lantern slides. 
The lecture was very interesting, and created much comment and discus- 
sion. 

Agronomy Building at Wisconsin. — ^A four-story building is now 
under construction at the University of Wisconsin, to house the work of 
the Agronomy Department, the Department of Plant Pathology, and the 
State Seed Division. This building will be well equipped for graduate and 
research work, and the construction includes three new greenhouses. The 
Departments will occupy the building about September first. 

Louis Hermann Pammel. — ^We regret very much to have to record the 
passing of another veteran botanist and member of the American Society 
of Plant Physiologists. Dr. Pammel died on March 23, 1931, as he was 
returning from California. A weak heart was tlie immediate cause of 
death. 

Born at LaCrosse, Wisconsin, April 19, 1862, his boyhood days were 
spent on a farm in State Eoad Coulee near LaCrosse. In 1881 he entered 
the University of Wisconsin, and from this institution graduated in 1885 
with a Bachelor ^s degree in agriculture. At that time Dr. William 
Trelease was Professor of Botany at the University of Wisconsin. When 
Dr. Trelease went to the Missouri Botanic Garden Mr. Pammel accom- 
panied him and served as his assistant from 1886 to 1889. In the latter 
year he received his Master's degree from Wisconsin, and came to Iowa 
State College as Professor of Botany. In 1892 he was made Botanist of 
the Agricultural Experiment Station. For more than 40 years he was con- 
nected with the Iowa institution, and for many years handled all phases 
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of botany, including bacteriology. At the time of his death, the staff of 
workers in his department nximbered 37. In 1898 Professor Pammel re- 
ceived the Ph.D. degree from Washington University, St. Louis, and in 
1925 the University of Wisconsin conferred upon him the degree of Doctor 
of Science. 

Dr. Pammel was primarily interested in taxonomy, but his scientific 
endeavors included practically all fields of botany. Some of the earliest 
work on the physiology of seeds was done by Professor Pammel and his 
students. Dr. H. S. Fawcett, of the University of California, was asso- 
ciated with Professor Pammel in this study. Professor Pammel was also 
interested in bacteriology. While at Wisconsin Doctor Trelease gave a 
series of lectures in bacteriology. He was the first to teach bacteriology in 
a land grant institution. 

Dr. Pammel ’s most extensive publication was “A Manual of Poisonous 
Plants,’’ published in 1911. He is also the author of Grasses of Iowa, 
Plant Ecology, Weeds of Farm and Garden, Weed Flora of Iowa, Honey 
Plants of Iowa. He had published numerous papers and bulletins on vari- 
ous botanical subjects. 

Doctor Pammel was responsible for the establishment of various State 
Parks in Iowa. These parks have made it possible for thousands of his 
fellow citizens to enjoy more of the out-of-doors recreation, and only a few 
years before his death one of these parks was dedicated Pammel State Park 
in recognition of his services. 

He was chairman of the Taxonomic Section of the Botanical Society of 
America in 1920 and in 1929. He also served as Vice-President of Section 
G, American Association for the Advancement of Science. Shortly after 
the American Society of Plant Physiologists was organized, he became a 
member of it. He took an active interest in Phi Kappa Phi, and was Gen- 
eral Secretary of this body for a number of years ; later he became its Presi- 
dent General. He won for himself the admiration and respect of all bota- 
nists, and will be remembered as a tireless and inspiring worker for many 
good causes. 


Plant Physiology. — ^A compendious textbook of Plant Physiology by 
Dr. Edwin C. Miller, of the Kansas State Agricultural College, has been 
published by McGraw-Hill Book Co. The work contains fourteen chapters, 
with the titles following: The plant cell; solutions and membranes in rela- 
tion to the plant cell; the roots of plants; the intake of water by plants; 
the intake of solutes by the plant ; the elements absorbed by the plant ; the 
loss of water from plants; the formation of carbohydrates by the green 
plant ; the nitrogen metabolism of the green plant ; the process of digestion 
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in the green plant; the translocation of materials in plants; the process of 
respiration in plants ; and the process of growth in plants. 

Stimulating questions are found at the end of each -chapter, and hun- 
dreds of citations emphasize the Jact that plant physiology is becoming too 
voluminous for any one to be able to read everything that is written about 
it, if he expects to do anything else than read. Author and subject indices 
are included. ^ * 

The book is well written, and suitable for< advanced students for refer- 
ence. It is too compendious for an ordinary text, and the 900 pages has 
made the price ($7.00) to high for general class use. Any one who has 
attempted to summarize this field will appreciate the enormous labor in- 
volved in Prof. Miller’s production; and those who read it thoughtfully 
will appreciate the fact that it has been done in a very praiseworthy 
manner. 

Cell Stimulation. — ^Dr. Methodi Popopp has written a book, “Die 
Zellstimulation,” which Aas been published by Paul Parey, Berlin. In 
recent years Popopp has worked with great energy in this field, and has 
stimulated a great deal of work among his students and colleagues. The 
introduction considers the theoretical conceptions underlying the work, 
while the body of the book is devoted to the experimental basis of Popopp’s 
theories. The three sections of work are entitled: I. Zellversuche ; II. 
Tier- und Pflanzenversuche ; and III. Samenstimulation. The problems 
are considered in relation to the application of the results in plant produc- 
tion and in medicine. There are 375 pages of text and 45 figures, in addi- 
tion to the preface and contents. There is no index. The price quoted by 
the publisher is for paper binding only, 26 RM. Orders should be sent to 
Paul Parey, Berlin. 

Crater Plants of Java. — ^Dr. Howard C. Abbott, Department of Biology, 
Evansville College, Evansville, Indiana, has translated Dr. Friederich C. 
VON Faber’s “The Crater Plants of Java, in Physioloigical and Ecological 
Aspect.” It is published in mimeographed form, in board binding, and 
can be obtained by writing to Economy Publishers, Mitchell, South Dakota. 
The price is $1.60 per copy. Many sections are of physiological interest, 
such as the acid resistance of crater plants (sulphur dioxide), mycorrhizas, 
transpiration, power of absorption, nutritional activity of leaves, and 
chlorophyll content of crater plants. The original paper was from the 
Treub Laboratory in 1927. 
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EFFECTS OP CAIjCIUM DEFICIENCY ON NITRATE ABSORPTION 
AND ON METABOLISM IN TOMATO" 

G. T. Nightingale, R. M. Addoms, W. R. Robbins and 
L. G. SCHEEMEBHOBN 

(with three PiaURES) 

Introduction 

This series of experiments was undertaken in an effort to determine the 
relation of calcium to the metabolism of carbohydrates and of nitrogenous 
compounds. Calcium is generally regarded as an essential element, and 
within recent years several workers (10, 17, 46, 66) have described a yel- 
lowing and a dwarfing of plants that had been grown in a deficiency of 
calcium, although they disagree as to the precise effect of such deficiency 
on the plant. 

The tomato was used in the present experiments because it is well 
adapted to nutrient culture and because it has been used in so many ex- 
periments by different workers that a considerable knowledge of its nu- 
trient requirements and metabolism is available. 

Experimental methods 

The experiments were carried on in the greenhouse at New Brunswick, 
New Jersey, during the early summer of 1930, with tomato plants of the 
variety Marglobe. On June 17 about 1,500 plants were selected for uni- 
formity from 3,000 plants that had been grown for several weeks in sifted 
loam soil in four-inch pots. The plants were about 30 cm. in height, and 
were rather yellowish green in appearance; analysis showed them to be 
comparatively high in carbohydrates, but low in nitrogen (tables II, III, 
IV and V) . The roots of each plant were washed free of soil, and the two 
lower leaves were removed; 300 of the plants were then used for initial 

^ The Kjeldahl and mineral determinations were made in the laboratory of 0. S. 
Cathcabt, for whose cooperation the authors wish to express their appreciation. They 
wish also to acknowledge their indebtedness to O. W. Davidson for his help in obtaining 
photographs of plant material. 
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analysis, and the remaining 1,200 were transplanted for experimental 
treatments to washed quartz sand in new ten-inch clay pots, one or two 
plants to a pot. The pots were set in shallow enamel-ware pans and for 
the three weeks of the duration of the experiment all of the plants were 
subjected to nutrient treatments, each pot receiving daily two liters of 
nutrient solution. Twice a week each culture was thoroughly flushed with 
distilled water, and fresh nutrient solution was applied immediately. 

The 1,200 plants were divided into four series according to the nutrient 
treatment which they received (see table I). One series was supplied with 
a complete nutrient solution that had been shown by previous experiments 
to be well adapted to the growth of tomato plants. The three other series 
received solutions lacking either calcium or nitrates or both. From time 
to time some of the plants were shifted from one nutrient treatment to 
another. The nutrient solutions employed all had a pH of about 4.7 when 
applied. After the solution had been in contact wdth the plant roots for 
. 24 hours it was more alkaline, 6.2 to 6.4, but about the same in all series. 
The iron content of the initial plants or a trace of iron in the salts employed 
w^as sufficient for subsequent growth. Ferrous sulphate, however, was 
applied to some of the cultures in certain experimental trials described on 
page 617. Conditions of temperature and humidity during the progress 
of the experiments were suitable for the commercial production of 
tomatoes. The plants were grown under the seasonal light conditions of 
the greenhouse with the exception of some that w^ere subjected to a period 
of continuous darkness at a practically constant temperature of 23° C. 

Chemical methods 

For macrochemical analyses, the plants were divided into seven frac- 
tions as shown in table VI. All terms are self-explanatory, except the 
term petioles, which in this paper includes also the rachis and the large 
veins of the leaf. Determinations of nitrogenous and carbohydrate frac- 
I tions were made with fresh and dried tissues respectively, according to 
procedure previously described in detail ( 41 ). Aliquots of dried tissue 
were employed for mineral analyses (3). 

Microchemical tests, which were made on fresh plant material, were in 
general those recommended by Eckerson ( 12 , 16 ), with modifications that 
will be described along with the presentation of results. 

Results 

On June 17, at the start of the various nutrient treatments, all of the 
plants were somewhat stiff and woody, with yellowish green leaves and a 
few blossoms. Macrochemical analysis showed that they contained no 
nitrates and no ammonia. They were very low in all forms of elaborated 
nitrogen but high in carbohydrates (tables II, III, IV, and V). Micro- 
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scopic examination of the atem showed a high percentage of very thick- 
walled mechanical and conductive tissue. Even though the plants were 
growing very slowly, cambium was active throughout the length of the 
stem. Starch was observed in large quantities in all parenchymatous 
tissue, especially in the pith, almost to the tip of the stem. 

The initial plants contained the following percentage of calcium com- 
puted on a green weight basis ; stems 0.13, blades 0.32, petioles 0.10, and 
roots 0.05. Calcium was present in three different forms: (1) calcium 
oxalate crystals, in the parenchyma of phloem, cortex, and pith; (2) 
'‘uncombined'’ calcium, i,e., calcium that could be detected microchemically 
by the usual treatment with oxalic acid, and (3) "combined” calicum, i.e, 
calcium that could be detected microchemically only after treatment of 
fresh .sections with a strong base such as NaOH. The terms "combined” 
and "uncombined” are purely relative, for, of course, all calcium in a cell 
is to some extent combined. "Combined”^ calcium was found in all living 
cells, not only along the walls but rather uniformly distributed through 
the protoplasts. "Uncombined” calcium was found throughout the pro- 
toplasts of all living cells. In collenchyma and parenchyma cells of the 
cortex and in parenchyma cells of the vascular cylinder, it occurred also 
along the walls, suggesting the presence of calcium iiectate in the middle 
lamella. Many of the cells, however, especially of the pith, did not show 
a reaction whibh would indicate a middle lamella composed of calcium 
peetate in either plus- or minus-calcium plants. 

Plants which received the complete nutrient solution 

Throughout the course of the experiments (June 17~July 9) the plants 
that received the complete nutrient treatment exhibited a vigorous and 



Fig. 1. Tomato plants — July 9, 1930. From left to right, plus-calcium plus-nitrate; 
minus-calcium plus-nitrate; and minus-calcium minus-nitrate. 
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apparently healthy growth of tops and roots, as shown in figures 1 and 2, 
Although these plants received a solution fairly high in concentration of 
nitrates (table 1), they were not soft nor extremely succulent. This was 
undoubtedly associated with the fact that the initial plants were hard, 



Fig. 2. Boots of tomato plants — July 9, 1930. From left to right, plus-calc iiiiii plus- 
nitrate; minus-calcium plus-nitrate; and minus-calcium minus-nitrate. 


high in carbohydrates and low in nitrogen (tables II, III, IV, and V), 
also that the experiments were run for a period of only three weeks. Dnr- 


TABLE I 

Composition or nutrient solutions. (Partial volume molecular ( om kntkations 

OF SALTS used)* 


Solution 

Ca(NO,)2 

KNO3 

KH3P04 

MgS04 

CaCl, 

Plus-Ca plus-NO, 

Minus-Oa plus-NOs . 

0.0180 

0.0260 

0.0090 

0.0090 

0.0090 

0.0090 


Minus-Ca minus-NOs . . . 



0.0090 

0.0090 


Plus-Ca rainus-NOs 



0.0090 

0.0090 

0.0180 


* With the exception of the minus-Ca minus-NO, solution, each solution has a total 
osmotic concentration value of 2 atmospheres. 


ing that time many fruits were set, and if the plants had been grown for 
a sufficient number of weeks undoubtedly they would have borne a heavy 
crop of fruit, as did the few plants which were allowed to remain. 

During the progress of the experiments, certain factors remained 
practically constant in the various series of plants. The pH of the ex- 
pressed sap of the various plant fractious, such as roots, lower stem, upper 
stem, stem tip, and blades showed little variation from one series to 
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another, although the usual (20) differences in pH of different plant 
fractions were observed. Microchemical tests failed to show any consistent 
outstanding variation in pH of respective tissues, although the usual 
differences (13, 41) were noted in pH of pith, xylem, phloem and cortex. 

Plants deficient in calcium 

In contrast to the plants that had received complete nutrient treatment, 
those that were grown from June 17 to July 9 in a solution lacking calcium 
(figs. 1 and 2) were stunted in vegetative growth and the stems were stiff 
and woody. Increase in volume occurred for only a brief period after the 
transfer from soil to sand on June 17. A few blossoms were formed but 
practically no fruit was set. The upper leaves were characteristically 
yellow, not yellowish green, whereas the lower leaves, which were thick and 
stiff, were still fairly dark green. Shortly after July 9 the stem tips of the 
calcium-deficient plants died. 



Pro. 3. Typical roots from tomato plants grown with the minus-calcium plus-nitrate 

nutrient treatment. 
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The leaves of some of the plants low in calcium exhibited a peppery 
brown spotting, apparently the result of iron toxicity rather than any 

1 direct effect of calcium deficiency or, on the other hand, of magnesium 
toxicity (page 618). 

The root systems Avere short and much branched as shoAvn in figures 

2 and 3. Branch roots were short and stubby, and some showed charac- 
teristic browning of tips and of parenchyma further back, and sloughing 
off of some of the outermost cells. During the period of the experiments, 
liowever, the roots were alive and developed an abundance of apparently 
healthy root hairs. 

The characteristics just noted were substantiated by macro-analysis and 
niicrochemical testa. Tables II and III show that the minus-calcium plants 
were even higher in carbohydrates than the plants that had received the 
complete nutrient treatment. A>ssociated with the higher concentration of 
carbohydrates were thicker cell walls in the recently formed xylem. 

TABLE II 

Carbohydrate tractions or whole stems expressed as percentage of dry matter, 

AND DRY matter EXPRESSED AS PERCENTAGE OF GREEN MATTER 


Date 

June 17 

1 July 1 

July 9 

Treatment 

Initial 

PLANTS 

PLUS-Ca 

MlNiTs-Ca 

PLus-Ca 

MlNt's-Ca 

MiNUS-ra 

Dark* 


per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

Dry matter 

14.35 

12.25 

14.30 

13.55 

]6.10 

32.66 

Beducing sugars 

7.33 

2,36 

6.27 

3.70 

7.19 

6.40 

Sucrose 

8.91 

5.25 

7.96 

6.23 

8.33 

3.99 

Total sugars . . 

16.24 

7.61 

14.23 

9.91 

15.52 

30.39 

Starch and dextrin . 

23.74 

8.92 

19.17 

10.04 

25.73 

16.54 


* After J uly 1, some of the minus-Ca plants were subjected to continuous darkness. 

TABLE III 

C^ABBOIIYDRATE FRACTIONS OF WHOLE STEMS EXPRESSED AS PERCENTAGE OF OREKV MATim 


Date 

June 17 

July 1 

July 9 

Treatment 

Initial 

PLANTS 

PLUS-Oa 

MiNUS-Ca 

PLUS-Ca 

MiNUS-Ca 

MiNUS-Oa 

Dark* 


per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

Beducing sugars 

1.05 

0.29 

0.90 

0.50 

1.15 

0.81 

Sucrose 

1.28 

0.64 i 

1.14 

0.84 

1.34 

0.51 

Total sugars 

2.33 

0.93 1 

2.04 

1.34 

2.49 

1.32 

Starch and dextrin.. . 

3.41 

1.09 ! 

1 

2.74 

1 

1.36 

4.14 

2.09 


♦ After July 1, some of the niinus-Ca plants were subjected to continuous darkness. 
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Nitrates were comparatively low in the minus-calcium series, but on / 
the basis of macrochemical determinations there was no significant differ- 
ence between the calcium-deficient and the complete-nutrient plants in 
percentage or quality of organic nitrogen (tables IV and V). The quality.-^ 
of protein, however, was undoubtedly very different in the stems of the 
two lots of plants, as in the cells of the plants of the minus-calcium series, 

TABLE IV 

Nitrogenous fractions of whole stems expressed as percentage of dry matter 


Date 

June 17 

JlTLT 1 

1 

July 9 

Treatment 

Initial 

PLANTS 

PLUS-Ca 

Mmus-Ca 

PLUS-Ca 

MiNUS-Ca 

MiNus-Ca 

Dark* 


per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

Total nitrate-free N . 

0.553 

1.530 

1.375 

1.609 

1.649 

1.570 

Protein N .. 

0.400 

0.930 

0.975 

0.993 

1.019 

0.997 

Nitrate-free soluble N 

0.153 

0.600 

1 0.400 

0.616 

0.630 j 

0.573 

Basic N 

0.020 

0.045 

1 0.044 

0.119 

0.128 

0.130 

Amino N 

0.119 

0.462 

! 0.300 

0.385 

0.370 

0.273 

Amide N 

trace 

0.068 

0.048 

0.127 

0.104 

0.125 

Ammonia N 

none 

trace 

trace 

0.002 

0.002 

0.003 

Other N 

0.014 

0.025 

0.008 

-0.017 

0.026 

0.042 

Nitrate N 

none 

0.040 

0.025 

0.211 

0.086 

0.270 

Total N 

0,553 

1.570 

1.400 

1.820 

1.735 

1.840 


* After July 1, some of the uiinus-Ca plants were subjected to continuous darkness. 


TABLE V 

Nitrogenous fractions of whole stems expressed as percentage of green matter 


Date 

June 17 

July 1 

July 9 

Treatment 

Initial 

PLANTS 

PLUS-Ca 

MiNUS-Ca 

PLUS-Ca 

MiNUS-Ca 

MiNUS-Ca 

Dark* 


per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

per cent. 

Total nitrate-free N . 

0,079 

0.187 

0.197 

0.218 

0.265 

0.199 

Protein N 

0.057 

0.114 

0.139 

0.135 

0.164 

0.126 

Nitrate-free soluble N 

0.022 

0.073 




mSm 

Basic N 

0.003 

0.006 

wgm 




Amino N 

0.017 

0,057 



0.059 

■B 

Amide N 

trace 

0.008 



0.017 

0.016 

Ajnmonia N 

none 

trace 

trace 

trace 

trace 

trace -1- 

Other N 

0.002 

0.002 


-0.002 

0.004 


Nitrate N 

none 

0.005 



0.014 

0.034 

Total N 

0.079 

0.192 


0.246 

0.279 

0.233 


* After July 1, some of the minus-Ca plants were subjected to continuous darkness. 
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particularly in the phloem region, but also in other parenchymatous tissue, 
there were granular inclusions that were not evident in the complete-nu- 
trient plants. These inclusions gave positive protein reactions with all the 
usual reagents. Furthermore, such inclusions were conspicuous in the 
stem tips of calcium-deficient plants at the time of death of the meristem 
and shortly before. 

Internally the stubby bulbous roots of the plants grown in the solution . 
deficient in calcium showed differentiation of stele practically down to the 
embryonic tip, whereas in the faster growing roots of the complete-nutrient 
plants the rapid division and elongation of cells resulted in a long region 
of elongation between embryonic tip and zone of maturation. Within the 
stubby tips the planes of cell division were not irregular, although enlarge- 
ment of cells was greater laterally than longitudinally. A factor which 
also contributed to the general appearance of stubbiness of the root system 
was the development of primordia of numerous branch roots, many of 
which never developed. Constrictions of the roots were not uncommon and 
were due to localized injury of outermost layers of cells and failure of 
these cells to enlarge properly, or to disintegration, or to both. 

The external]}" conspicuous browning of roots of the calcium-deficient 
plants was almost entirely of parenchymatous and meristematic tissue. 
This was almost alw^ays observable first in the root tip, in the endodermis 
and in isolated cells of the cortex and stele. Later it occurred in prac- 
tically all parenchymatous tissue, but did not appear to be present in con- 
ductive elements of xylem and phloem. Cellulose walls were chiefly con- 
cerned, but the protoplasts sometimes became decidedly granular, and this 
granular mass, as in the stems, was often a golden brown color and gave 
positive tests for protein with the usual reagents ; the reaction with Millon’s 
reagent was particularly strong. 

The plants were tested for calcium from time to time during the course 
of the experiments. Microscopic examination showed the presence of some 
calcium oxalate in the base of the stem even at the end of the experiment, 
long after the plants had begun to show signs of calcium deficiency. The 
usual microchemical test with oxalic acid gave practically negative results, 
showing that there was little uncombined ’’ calcium present. However, 
an appreciably greater quantity was detected by treatment with oxalic acid 
after the sections had been treated with NaOH. These results suggest that 
the considerable quantity of calcium shown by macro-analysis to be present 
in the lower half of the tops (tables VI and VII), consisted largely of 
calcium oxalate deposits and of calcium so combined with protein or some 
other substance that it had to be released by hydrolysis before it could 
react with oxalic acid. 



TABLE VI 

Mineral analyses op tomato plants harvested July 
(Results expressed as percentage op dry matter) 
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Plants deficient in calcium and nitrates 

The plants that throughout the experiments received a solution lacking 
in both calcium and nitrates, were in some respects like those that lacked 
calcium only. They too increased only slightly in size (even less than the 
minus-calcium series) and were woody in texture; microchemical tests 
showed that they too were high in starch and devoid of nitrates. Also, 
they contained practically no uncombined calcium but did contain a con- 
siderable quantity of combined calcium. However, they were not so yellow 
(fig. 1), and what yellowing occurred was chiefly of the older leaves, and 
not of the tips as observed above in the minus-calcium series. Moreover, 
the root systems were without the stubbiness of branch roots noted in the 
plants that lacked calcium only (fig. 3). This difference in appearance of 
roots and tops may have been due to the fact that with less vegetative ex- 
tension there was a higher concentration of calcium per unit volume of 
plant tissue. It will be recalled that the vegetative grow^th of the plants 
^of the calcium deficient series occurred for only a brief period after the 
start of the experiments. At that time all plants contained an abundance 
of calcium (page 607), were, in effect, plus-calcium plants, and were un- 
doubtedly able to absorb and assimilate nitrates if present in the nutrient 
solution. On the other hand, in the series deprived of nitrates, no nitrates 
were available at the time of the initial growth of the other series of plants, 
when calcium was still available. 

In an effort to study the absorption of nitrates, some of these plants 
deprived of both calcium and nitrates were shifted to the nutrient solution 
containing nitrates but lacking calcium. Hourly examination of these 
plants for nitrates, day and night for a period of five days after supplying 
nitrates, showed that during that period nitrates were not absorbed. Only 
after seven days was a minute trace of nitrates found in the roots, and 
later a little in the tops of the plants. 

The fact that Dr. Bckerson found practically no reducase in the roots 
of these plants nor in the roots of any of the calcium-deficient plants would 
seem to preclude the possibility of absorption and simultaneous complete 
assimilation of nitrates. Further, no nitrates and practically no ammonia 
were found in these plants at any time. In connection with reducase 
activity attention may be called to the relatively low phosphorus content 
of the roots of the calcium-deficient plants (tables VI and VII). 

Although these plants of the minus-calcium minus-nitrate series did 
not absorb nitrates, they absorbed calcium instantly when shifted to the 
complete nutrient treatment. In forty-five minutes the entire root system 
contained uncombined calcium, and half an hour later there was a con- 
siderable quantity of calcium throughout the tops. It was, however, twelve 
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hours after the shift to plus-calcium treatment before these plants began to 
absorb nitrates from the solution, and about sixteen hours before faint 
traces of nitrites were observed. 

Darkness treatment 

An attempt was made to study the hydrolysis and re-utilization of sub- 
stances in darkness. On July 1, some of the plants that had been grown 
in the solution deficient in calcium only, were shifted from the greenhouse 
to a dark room that was maintained at about 23® C. The plants were kept 
in continuous darkness until July 9. During that period the stems elon- 
gated several inches, and the previously formed upper leaves turned from 
yellow to green, although newly formed leaves were yellow. As is indicated 
in tables IV and V there was an increase in concentration of nitrates. 
Further, microchemical tests showed that after the darkness treatment 
there was considerable uiicombined calcium present, whereas other plants 
of the same series in the light contained practically no uncombined calcium. 

It is apparent from tables II and III that carbohydrates decreased 
greatly during the period of darkness, yet there was much starch even in 
the tissues of the stem and leaves that were newly formed in darkness. The 
gross maerochemical analyses of stems (tables TV and V) show little change 
in percentage of protein or other elaborated nitrogen. There must have 
been, however, very definite changes in these substances, otherwise the 
rapid growth of meristem of the stem and the elongation of cells could not 
have occurred. Unfortunately macro-methods for proteins do not differ- 
entiate between those of the meristem and those of mature tissue. Micro- 
chemical tests showed, however, that during the period in darkness the 
granular masses of protein material (page 612) practically disappeared 
and much meristematic tissue of stems and roots developed. In these 
regions there were also observed appreciable quantities of asparagine. 

On July 1, some of the plants that had been grown with no external 
supply of either calcium or nitrates were also placed in darkness. The 
same growth responses occurred. With the exception that nitrates were 
absent, similar chemical changes also took place, including the accumula- 
tion in the plants of considerable uncombined calcium that was not present 
in plants of the same series in the light. 

After the darkness treatment, the plants (minus-calcium-minus-nitrate) 
were given a solution containing nitrates, but as before no calcium. Ni- 
trates were observed in the small roots within fifteen minutes and through- 
out the plant within one hour. Such a rapid intake of nitrates was in 
striking contrast to the lack of absorption by plants of the same series in 
the light. 



616 


PLANT PHYSIOLOGY 


Plants deficient in nitrates 

The fourth series of plants, those that were grown with no external 
supply of nitrates but with an abundance of calcium and other essential 
elements (plus-calcium-minus-nitrate solution, table I) were typical nitro- 
gen-deficient plants (13, 27, 40). All the leaves, but especially the lower 
ones, were yellowish green with purple veins. The stems were hard and 
\ woody, very high in starch and free of nitrates. 

These plants when shifted to minus-calcium-plus-nitrate treatment 
absorbed nitrates instantly. In less than an hour nitrates were present in 
all parts of the plant, and as usual (13, 40, 41) nitrites were observed in 
large quantities for three or four hours following the initial absorption of 
nitrates. 

At the time of shift in nutrient treatments, the plants were observed for 
calcium distribution. Parenchymatous cells that were filled with masses of 
calcium oxalate crystals were conspicuous in phloem, cortex and pith. 
They were present in large numbers even in the extreme tip of the stem, 
and in parenchymatous cells of all parts of the root system. After transfer 
from the plus-calcium-minus-nitrate to the minus-calcium-plus-nitrate 
solution there was within a few days and for only a short time renewed 
vegetative growth. The concentration of uncombined calcium remained 
practically constant for about ten days, although there was a steady de- 
crease in combined calcium during the same period. At the end of ten 
days, masses of calcium oxalate crystals were conspicuous in the base and 
middle of the stem, but none were present within five, and very few within 
ten, centimeters of the tip. The disappearance of calcium oxalate masses 
seemed to be first from the phloem and later from the cortex and pith. 
At the end of four weeks the concentration of combined calcium was very 
low, there was practically no uncombined calcium, and the stem tips were 
practically dead. Yet at that time calcium oxalate deposits were observed 
in the base of the stem and to a much lesser degree in the lower petioles. 
In many instances the masses looked as if they were undergoing decompo- 
sition. 

Thus the re-utilization of calcium oxalate proceeded slowly and incom- 
pletely from the tip backward, and the plants died while crystals of calcium 
oxalate were still present in the base of the stem. 

Discussion 

If seedling tomato plants are transplanted to sand cultures deficient 
respectively in nitrogen, phosphorus, or potassium, the effects of nitrogen- 
or phosphorus-deficiency are evident in a comparatively short time (13, 40, 
16), but conspicuous symptoms of lack of potassium (41) are not usually 
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apparent until much later. Althougli the symptoms of lack of these respec- 
tive elements may not occur simultaneously, the effects upon the general 
appearance of tomato plants are similar. The lower leaves and lower stem 
are yellowish green tinged with the purplish blue of anthocyanin pigments, 
and the uppermost leaves and tip of the stem are fairly dark green and 
may remain so for a considerable period. 

On the other hand, the appearance of the calcium-deficient plants of these 
experiments was very distinctive, unlike tomato plants deficient in nitrogen, 
phosphorus, or potassium, in that the upper part of the plant was yellow 
rather than green, and the lower half instead of being yellowish with 
practically dead leaves was fairly dark green. 

Closely following the lack of chlorophyll in the tops, a condition which 
has been observed even in the lower plants (6, 17, 46, 46), there was a 
cessation of meristematic activity and death of tissue. This may, of course, 
occur when any essential element is deficient but it occurred in the tomato 
plants of these experiments within three weeks of minus-calcium treatment. 
Similar observations on tobacco plants were made by Garner (17), who 
found that a lack of calcium affected most seriously the upper leaves and 
embryonic tissues of the growing point. He found that deficiency of 
magnesium, like deficiency of nitrogen, phosphorus or potassium, affected 
particularly the lower half of the plant. 

The peppery brown spotting observed in the leaves of some of the 
calcium-deficient plants was probably iron toxicity, and was not due 
directly to insufficient calcium. Certainly it is not a distinguishing char- 
acteristic, although others (17, 43) have reported that these symptoms 
occurred when plants Avere grown in a deficiency of calcium. Analyses of 
leaf blades of the several series showed that there was often somewhat more 
filterable iron in the minus- than in the plus-calcium plants. Furthermore, 
the peppery spotting was easily obtained at will in plants of any of the 
series of these experiments but particularly in the calcium-deficient plants, 
simply by adding ferrous sulphate to the nutrient solution at the rate of 
ten or twenty milligrams of iron per liter. Kespective tissues of calcium- 
deficient plants were not, however, more acid than those of the other series 
(page 608). If they had been, the higher percentage of soluble iron might 
be explained on the basis of Shivers (63) results, for he has found that 
soluble iron is relatively high when cell sap is acid, relatively low when 
cell sap is more alkaline. On the other hand experimental work by Smyth 
(64) has indicated that quality of acid may be an important factor in its 
influence upon the form of iron present, and work by Garner (17) suggests 
that mineral deficiencies may directly or indirectly affect the quality of 
organic acids in a plant. In our experiments specific acids w’ere not 
determined. 
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In view of popular theories (67) it also appeared possible that mag- 
nesium toxicity might be a factor in the growth responses obtained. How- 
ever, vrhen concentrations of magnesium sulphate more than three times 
as high as that of the regular nutrient solutions (table I) were applied for 
a period of two weeks to some of the plants not employed for analysis or 
other purposes, no spotting of the leaves nor any other visible effect upon 
the plants was observed in any of the series. The original total molecular 
concentration of the nutrient solutions was maintained by decreasing the 
concentration of potassium phosphate in proportion to the increase in 
magnesium sulphate. Likewise a few plants of the several series were 
grown for two weeks with no external supply of magnesium by substituting 
potassium sulphate for magnesium sulphate in equivalent concentration in 
the nutrient solution. The temporary removal of magnesium from the 
nutrient solution produced no visible effect on the growth responses of the 
plants. It is also apparent from tables VI and VII that there was no 
inarked excess nor deficiency of magnesium in the minus- as compared 
with the plus-calcium plants. Further, Pfeiffer (43) shows that in oat 
plants the ratio of calcium to magnesium may vary within rather w4de 
' limits with no noticeable effect upon the plant. 

It has been reported (10, 55) that lack of abundant calcium results in 
short, stubby, bulbous roots that are characteristically brown at the tips, 
with sloughing off of cells further back. The calcium-deficient tomato 
plants of these experiments were no exception. Internally there was 
differentiation of xylein and phloem practically down to the embryonic tip, 
which means, of course, that they were growing very slowly as compared 
with the plus-calcium roots, in w^hich active division and elongation of cells 
resulted in a long region of elongation between embryonic tip and region 
of maturation. In the stubby tips of the calcium-deficient plants, however, 
distortions and irregular planes of division mentioned by Sorokin and 
Sommer (66) w^re not evident. The cells seemed entirely regular, although 
particularly in the cortex the cells enlarged somewhat more laterally than 
longitudinally. 

The conspicuous browning of roots, a symptom very commonly asso- 
ciated with calcium deficiency, was due mainly to browning of meristem 
and parenchymatous tissue of the cortex. The stele seemed little affected 
and there were numerous root hairs that did not appear materially different 
from those of the plus-calcium plants except that in general they were 
somewhat shorter. The browning was mostly of the cell walls, which in 
healthy parenchyma are considered to be composed mainly of cellulose and 
pectic materials. The nature of change that resulted in browning of the 
cell walls was not determined. It is not uncommon, however, in tomato 
roots and may be produced by many types of injury. 
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No definite information was secured as to the presence or absence of 
a middle lamella of calcium peetate. After treatment with oxalic acid, 
rows of small calcium oxalate crystals were frequently observed along cell 
walls in the cortical tissue of roots of the plus-calcium plants, possibly 
indicating the presence of a middle lamella of calcium peetate. Although 
such a reaction was not invariably obtained in all cells even in the plants 
grown with an abundance of calcium, yet on the other hand, it ivas not 
observed at all in roots of the calcium-deficient plants that showed much 
browning and sloughing of outer cortical cells. It has, however, been 
reported by others (36, 46, 61) that in a deficiency of calcium a middle 
lamella of calcium peetate may not develop. 

Whereas the browning of roots was mainly in cell walls, the protoplasts 
of the meristem and older tissue also became decidedly granular, and this 
mass was usually golden brown in color and gave strong protein reactions. 
Apparently in a deficiency of calcium, as in a lack of phosphorus (16) or 
potassium (41), there is definite interference with formation of proteins 
essential to the protoplasts of active cells. 

Many different workers (4, 19, 22, 62), using various kinds of plants 
have found that carbohydrates frequently accumulate in the tissues of 
plants deficient in calcium. It has been shown, however, (page 617) that 
calcium limitation directly or indirectly interferes with chlorophyll forma- 
tion. Therefore, under certain experimental conditions and in a deficiency 
of calcium the formation of chlorophyll might be so limited as to seriously 
decrease the rate of assimilation of carbon dioxide and thereby prevent 
accumulation of carbohydrates. This was possibly the case in results 
reported by Burrell (6). Nevertheless, calcium deficiency seems quite 
commonly to result in carbohydrate accumulation, and the enormous con- 
centration of sugars and starch in the low calcium plants of these experi- 
ments is clearly shown in tables II and III. Microchemical reactions also 
showed that starch was present in great abundance throughout all paren- 
chymatous tissues, even in the tips of roots and stems. 

In explanation of such observations it is usually said that calcium is 
essential for digestion of starch and translocation of sugars, and that in a 
lack of this element carbohydrates therefore accumulate. But it is evident 
that there is no sound basis for this notion, because in the calcium-deficient 
plants of these experiments sugar and even starch grains were found in 
the most distal portions of roots, stems and leaves. In what manner trans- 
location of carbohydrates might be more complete is indeed a question. 
Also ScHiMPER (62) has shown that digestion of starch and translocation 
of sugars take place in leaves and stems of plants that contain a very low 
concentration of calcium. Further, the minus-calcium tomato plants of 
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these experiments after a few days in darkness decreased greatly in car- 
bohydrates (tables II and III). Likewise, microchemical reactions showed 
the presence of an abundance of sugar and starch in tissues of stem and 
leaves that were yellow in color and newly formed in darkness. Thus there 
is additional evidence showing that there may be digestion of s tar ch, 
translocation of sugars and re-condensation of sugars to starch ip,,jjlapts 
extremely low in calcium (tables if and 111 7. It should be pointed out, 
however, that during the period in darkness there was an increase in 
uncombined calcium (page 615), although it does not appear probable that 
this was a direct factor in effecting digestion of starch and translocation of 
sugars, for the latter process began to occur considerably in advance of 
any apparent change in form of calcium. 

One of the principal uses of carbohydrates is in protein synthesis. It 
has been shown repeatedly (13, 27, 39, 40) that carbohydrates may accumu- 
late if a plant has no external supply of available nitrogenous nutrient. 
They may even accumulate with nitrates present in abundance in the 
nutrient medium or even in the tissue of the plant, if there is little reducase 
activity due to a deficiency of potassium (41) or phosphorus (16, 28). 
Both elements are necessary for synthesis of nitrates to protein. 

When the plants were shifted from soil to sand culture at the beginning 
of these experiments all were in effect plus-calcium plants. At that time 
and for a short period thereafter, there was presumably some protein 
synthesis by the plants that were receiving minus-calcium nutrient treat- 
ment. However, carbohydrates undoubtedly accumulated in these plants 
because the amount of protein synthesis was small. 

There are two reasons for the small amount of protein synthesis. First, 
the plants were very much limited in their ability to absorb nitrates (page 
611), and second, the small quantity of nitrates absorbed (tables IV and 
V) remained for the most part unelaborated, as Dr. Eckerson found that 
the calcium-deficient plants, especially the roots, were very low in reducase 
(nitrate reducing material). Apparently there was little synthesis of even 
the simpler organic compounds of nitrogen. The minus-calcium plants 
increased very little in volume. Accordingly, if there had been synthesis 
of simpler forms of organic nitrogen or protein it would be evident on a 
percentage-of -green-weight basis; but table V indicates that this did not 
.occur. The effects of phosphorus (16, 28) or potassium (41) deficiency 
are somewhat different. 

The concentration and quality of the various nitrogenous fractions of 
the whole stems were about the same in plus- as in minus-calcium plants 
(tables IV and V), yet microchemical reactions and anatomical examination 
showed decided differences. There was comparatively little meristematic 
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tissue in roots or stems of the calcium-deficient plants, but there were 
present in the region of phloem and inner cortex of roots and stems, cells 
which contained golden brown granular masses of material that was in 
large part proteinaceous. These protein-like inclusions may not be peculiar 
to calcium deficiency, as a somewhat similar condition may occur in a lack 
of phosphorus ( 16 ) or potassium ( 41 ), but apparently the very early 
death of embryonic tissue is a factor invariably accompanying a lack of 
calcium ( 10 , 17 , 52 , 56 ). This element appears to be directly or indirectly 
necessary for development of proteins essential to the protoplasts of active 
cells. Without calcium, proteinaceous inclusions accumulate, not only in 
tomato but in other plants ( 58 ). 

It is not apparent why a deficiency of calcium almost completely pre- 
vented absorption of nitrates (page 614), when the same plants that failed 
to absorb nitrates took in calcium instantly. The experimental results fail 
to indicate whether or not calcium deficiency limits the absorption of 
materials other than nitrates. Attention may, however, be called to tables 
VI and VII. The concentration of sulphur is much the same in both plus- 
and minus-calcium plants. Both lots of plants also contain about the same 
percentage of magnesium with the exception of the petioles of the calcium- 
deficient plants, which are comparatively low in this element. The con- 
centration of potassium is comparatively high in the plants lacking cal- 
cium. This is a condition which has often been observed by others ( 31 , 
32 , 47 ). It should be remembered, however, that the minus-calcium nu- 
trient solution (table I) was comparatively high in potassium. 

There seems to be nothing in the literature which has any very signifi- 
cant bearing on the inability of the minus-calcium plants to absorb ni- 
trates,^ although it is well known ( 18 , 29 , 30 ) that leguminous plants 
especially are high in nitrogen if the soil is abundantly supplied with 
calcium. The root systems of the low-calcium tomato plants were, of 
course, abnormal (pages 610 and 614) yet other essential elements w^ere 
absorbed. The usual theories (67) on permeability are, in fact, opposed 
to the results obtained. Also, work by True ( 61 ) and Eckerson has 
showm that certain materials may be absorbed more readily by plants 

2 It seems impossible to draw conclusions from the work of Jermakow (23). He 
placed excised leaves in plus- and minus-calcium solutions and analyzed the leaf tissue 
for nitrates. At least as far as absorption is concerned, excised leaves can scarcely be 
compared with an intact root system. He found, however, a greater concentration of 
nitrates in the tissues of the minus-calcium leaves. He assumes, therefore, that there 
was more rapid assimilation (disappearance) of nitrates in the leaves which received 
an external supply of calcium. He did not, however, analyze his residual nutrient 
solutions, nor did he determine other nitrogenous fractions. He has therefore no measure 
of nitrates absorbed. Further, his leaves were presumably obtained from soil-grown 
plants, and it is doubtful if they w^ere deficient in calcium. 
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deficient in calcium than by others in a full nutrient solution. These 
workers did not, however, determine the ability of a calcium-deficient plant 
to absorb nitrates. 

Whether or not the low phosphorus content of the roots of the minus- 
calcium plants was a factor affecting nitrate absorption is not apparent. 
Only total phosphorus was determined.® Although phosphatides are said 
to be important in determining the permeability of wall or protoplast (67) 
the question is at best unsettled (66), and little can be gained by discussion. 
It may, however, be pointed out that Chibnall (8) reports the presence 
of a calcium phosphatidate in cabbage. 

In connection with the low content of total phosphorus in the calcium- 
deficient roots, it may be emphasized that there rather than in the tops 
reducase was lowest. Also, Eckerson^s work (16) indicates that a lack of 
phosphorus limits reducase activity apparently more than a deficiency of 
other essential elements. 

A series of excellent experiments by Theron (69) showed that the 
removal of nitrates was less from an alkaline than from an acid solution. 
Likewise Sabinin and Kolotora (61) obtained somewhat similar results. 
However, in recent work (60, 60) with the tomato the pH of the nutrient 
medium did not materially influence absorption until the plant became 
apparently saturated with nitrates. In an alkaline medium, nitrate satura- 
tion within the plant occurred in a very short time ; thereafter the plants 
did not absorb nitrates. The plants grown at a high pH had the ability to 
absorb nitrates but were unable to synthesize them to amino acids or protein. 

The literature (9, 11, 37, 89, 62) is full of contradictory statements as 
to the effect of calcium deficiency on the pH of plants. Where whole tops 
are employed as a sample, the pH is usually lower in the calcium-deficient 
plants than in the more vigorously growing plants that have had an ade- 
quate supply of calcium; the difference can be accounted for by the fact 
that there is a larger amount of meristematic tissue, notably alkaline (20), 
in the latter. However, in homologous fractions of plus- and minus-calcium 
tomato plants the tissue and expres.sed sap were not materially different. 
The pH of nutrient solutions was also essentially the same in each of the 
respective series, practically optimum for maximum absorption and as- 
similation of nitrates (60, 60). Accordingly it does not seem probable that 
pH of plant or of nutrient solution was a limiting factor in the inability of 
the minus-calcium plants to absorb nitrates. 

The failure of the calcium-deficient plants to absorb nitrates does not 
appear possible of explanation at this time. It is significant, however, that 
there was very rapid absorption of nitrates in low-calcium plants that had 
been subjected to a period of darkness (page 615). Within the minus- 

s Microchemical tests for calcium phosphate gave negative results. 
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calcium plants conspicuous changes were associated with darkness treat- 
ment ; these included proteolysis involving the loss of many of the granular 
proteinaceous inclusions, decrease in combined calcium, and increase in un- 
combined calcium. Bissman ( 49 ) also records a decrease in concentration 
of insoluble calcium for wheat grown in darkness, and Ramann^s ( 44 ) 
results indicate that there is more mobile calcium at night than during the 
day. The chemical significance of this change in form of calcium is not 
known. It is obvious that uncombined calcium alone (at least when newly 
absorbed) was not sufficient to result directly and immediately in nitrate 
absorption, for much uncombined calcium was present throughout the 
minus-calcium plants one hour after the shift to plus-calcium treatment. 
Nitrates, however, as determined by their complete absence and by lack of 
reduction products, were not absorbed until twelve hours later. 

Apparently before nitrate absorption could take place other changes 
were necessary, changes probably involving the combination of calcium 
with protein or other materials. It is doubtful if proteolytic changes were 
a direct factor in either case, as only twelve hours of plus-calcium treat- 
ment were required before nitrates were absorbed. During such a short 
period of time there could scarcely have been extensive synthetic or 
proteolytic changes. But proteolysis or other catabolic changes in darkness 
released combined calcium. In another part of the experiment uncombined 
calcium was furnished by an external supply of soluble calcium salts. In 
both cases there apparently followed a re-combination with newly formed 
proteins or other materials. A supply of amino acids for formation of new 
protein w^as available in both instances; in the minus-calcium plants in 
darkness, through protein decomposition to amino acids, and in the plants 
newly supplied with calcium, through nitrate reduction to amino acids 
(page 615). 

Non-absorption of nitrates was not a direct effect of a poorly propor- 
tioned nutrient solution, as the series of plants containing calcium but 
lacking nitrates (plus-calcium minus-nitrate, table I) absorbed nitrates 
instantly from the minus-calcium plus-nitrate solution. 

Neither was darkness a direct factor in effecting nitrate absorption by the 
calcium-deficient plants. Moderate shading produced the same results but 
in lesser degree. Undoubtedly cloudy w eather would tend to have the same ^ 
effect, and probably the short days of winter in case of tomato ( 38 , 41 ). 
All these conditions are apparently essentially similar in that they result 
in proteolysis, in a decrease in carbohydrates, and in the release of com- 
bined calcium for recombination with material of the protoplast. Like- 
wise, if the initial plants of these experiments had been very low in carbo- 
hydrates and high in the simpler forms of organic nitrogen ( 40 ), a greater 
degree of re-utilization, or less combination of calcium might have taken 
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place and diiferent results might have been obtained with respect to nitrate 
absorption. This point is to be investigated. However, a low concentra- 
tion of organic nitrogen accompanied with a high percentage of carbo- 
hydrates in the plant does not in itself inhibit nitrate absorption. The 
plants of these experiments that were high in calcium and deficient in 
nitrates were low in all forms of nitrogen and extremely high in carbo- 
hydrates, yet they absorbed nitrate in abundance. But they also contained 
an abundance of uncombined calcium, which was available for combination 
with materials of newly formed cells. Also they were very high in reducasc 
activity, as is usual for plants of such quality. 

There appears to be but fragmentary evidence as to the forms of calcium 
found in plants, and much of this is misleading on account of the fact 
that air dried tissue has been employed for analysis ( 2 , 26 , 49 ). Kos- 
TYTSCHEW and Berg ( 25 ) report that calcium does not occur in organic 
combination with protein. Their results, however, do not warrant this con- 
clusion.^ On the other hand, there is apparently no proof that calcium 
combines with proteins, although in the body fluids of animals it is said 
( 36 ) to form a non-ionized protein compound. It would, however, appear 
significant that increase in uncombined calcium closely paralleled changes 
in the minus-calcium tomato plants w’hich must have involved proteolysis 
(page 615). There may, of course, have been significant changes in other 
materials such as possibly phosphatidates of calcium. There is, however, 
increasing evidence tending to indicate that mineral elements may exist in 
combination with protein ( 24 , 33 , 35 , 64 , 63 ). 

There are available many determinations ( 21 , 48 ) of total water-soluble 
calcium. Such results, how’^ever, tell nothing as to the actual calcium com- 
pounds present. In many cases calcium oxalate undoubtedly accounts for 
much of the insoluble calcium fraction, and probably calcium phosphate 
under some conditions. Also much of the insoluble calcium is i)resent as 
combined calcium (page 607). The proportion of soluble and insoluble 
calcium varies ( 21 , 48 ), yet there seems always to be considerable insoluble 
calcium, whereas potassium is practically all soluble and readily trans- 
located from mature to embryonic regions ( 41 ). 

In calcium-deficient plants, howwer, it has been observed that most of 
the calcium present is in the older tissue of roots and tops ( 17 , 21 , 46 , 61 ). 
Likewise, the low^-calcium tomato plants (tables VI and VII) contained con- 

^ Kostytschkw and Bero firgt dried plant tissue, apparently at room temperature, 
and extracted with cold water. Yet it has been shown by Chibnall (7) and others that 
such treatment results in extensive proteolytic changes; changes which in the tomato 
at least are associated with liberation of combined calcium. Following aqueous extrac- 
tion these workers treated the tissue with 2N acetic acid and 2N hydrochloric acid. As 
might be anticipated, the ash of the residue was calcium-free, as either of the reagents 
employed react with the usually recognized calcium constituents of the plant. 
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siderabJe calcium in the lower half of the stem, yet there was only a trace 
in the upper stem. In this connection may be recalled the external ap- 
pearance of the calcium-deficient plants, yellow in the upper half of the 
tops but green below. In contrast, in plants that are deficient in phos- 
phorus ( 15 ), nitrogen ( 14 , 27 , 40 ), or potassium ( 41 ), the lower leaves are 
yellowish but the tips are comparatively green, and the greatest concen- 
tration of these elements is found in the tips or in other embryonic tissue 
( 15 , 27 , 40 , 41 ). Further, practically all the calcium i)resent in fresh tis- 
sue of the minus-calcium tomato plants was found to be water-insoluble. 
Home of it was present as calcium oxalate deposits in mature tissues, but 
much of the insoluble calcium was in another form (combined calcium) 
that reacted with oxalic acid only after treating sections with alkali, or 
after the plants had been subjected for several days to continuous darkness 
or shading. 

It has been shown by various workers ( 26 , 34 ) that there may be to some 
extent re-utilization of calcium oxalate. The low-calcium tomato plants 
utilized calcium oxalate (page 616), but the crystals w^ere dissolved by the 
l)lant so slowly that the embryonic tissue of stem and root tip died while 
there Avere yet heavy deposits of calcium oxalate in the base of the stem 
and ill the lower petioles. 

In addition to calcium oxalate crystals, there w’as combined calcium in 
older tissue of low-calcium plants when they died. Htirnultaneously, how- 
e\x*r, Avith disappearance of uncombined calcium there w'as death of meriste- 
matic tissue. When new cells are formed there must be not only calcium 
presumably for the middle lamella, but aA^ailable calcium for combination 
with materials of the protoplast. It seems quite probable that some of this 
material may be protein, as without calcium inclusions accumulate in the 
protoplast in the form of granular masses that are, at least in large part, 
constituted of proteins (page 612). 

Summary 

1. The upper parts of the tops of calcium-deficient tomato plants were 
yellow' and the lower leaves and stems were fairly green. (In a deficiency 
of nitrogen, phosphorus or potassium respectively, the lower portion of the 
plant is 5'ellow'ish, but the upper leaves and stem remain green.) 

2. The roots were characteristically short, bulbous and broAAn at the 
tips, with sloughing off of cells further back. The roots were short be- 
cause of slow growth of the meristem, and bulbous because cortical cells 
enlarged somew^hat more laterally than longitudinally. The failure of lat- 
eral root primordia to develop also contributed to the bulbous appearance. 

8. Sloughing off of cells was probably due in part to the fact that a 
middle lamella of calcium peetate did not develop in roots of tomato plants 
extremely deficient in calcium. 
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4. Browning of the roots occurred in the cell wall and in the protoplast. 
The latter was composed in part of granular proteinaceous material. Such 
protoplasts were also present in the stem, especially near the meristem. 

5. Calcium-deficient tomato plants of these experiments under the sea- 
sonal light conditions of the greenhouse were practically unable to absorb 
or assimilate nitrates although they absorbed calcium instantly. 

6. The plants which lacked calcium accumulated carbohydrates in large 
quantities, apparently because absorption and assimilation of nitrates did 
not take place. 

7. Translocation of sugars and digestion of starch took place freely in 
tomato plants extremely low in calcium. 

8. Nearly 100 per cent, of the calcium of fresh tissue of the calcium- 
deficient plants was water-insoluble and most of it was located in older 
tissues of roots and tops. (In a deficiency of nitrogen, phosphorus, or 
potassium respectively, the highest concentration of the deficient elements 
is in young embryonic tissues.) 

9. Some of this insoluble calcium w^as present as calcium oxalate, but 
much was in another form, combined calcium, that reacted with oxalic acid 
only after treatment with alkali. 

10. In calcium-deficient tomato plants utilization of calcium oxalate and 
re-utilization of combined calcium took place, but so slowly that root and 
stem tips died while there were yet heavy deposits of calcium oxalate and 
a high concentration of combined calcium in older tissues. 

11. When new cells are formed there must be calcium not only pre- 
sumably for the middle lamella, but also available calcium for combination 
with materials of the protoplast. Otherwise granular proteinaceous inclu- 
sions accumulate. 

12. Calcium-deficient tomato plants that were shaded or placed in con- 
tinuous darkness for several days decreased in carbohydrates. Associated 
with the decrease in carbohydrates there was proteolysis and a noticeable 
increase in uncombined calcium and a diminished concentration of com- 
bined calcium, 

13. Accompanying proteolysis and increase in uncombined calcium 
there was rapid formation of new stem tissue and absorption of nitrates, 
even though there was no external supply of calcium available. 

14. Calcium-deficient plants in the light were given an external supply 
of soluble calcium salts. A few hours after absorption of calcium there 
was absorption and assimilation of nitrates, and subsequently growth was 
resumed. 

15. Darkness treatment of calcium-deficient plants, and shift from 
minus- to plus-calcium nutrient, are apparently in certain respects similar 
in principle and effect. In both cases there is made available uncombined 
calcium for combination with newly formed proteins or other materials. 
,A supply of amino acids for formation of new proteins of meristems is like- 



NIGHTINGALE, ET AL : CALCIUM DEFICIENCY 


627 


wise available in both instances : in the calcium-deficient plants in darkness, 
through proteolysis, and in the plants newly supplied with calcium, through 
nitrate assimilation. 

New Jersey Agricultural Experiment Station, 

New Brunswick, New Jersey. 
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ELECTRIC CORRELATION BETWEEN LIVING CELLS IN 
CORTEX AND WOOD IN THE DOUGLAS FIR 

E. J. Lund 
(with seven figures) 

In presenting the results of the experiments which follow in this paper 
the writer wiU, for the sake of simplicity and proper evaluation of the 
observations, assume that the reader is familiar with the facts of electric 
polarity in the Douglas fir which have been presented in previous papers 
(Lund 1, 2 , 3). 

It will be recalled that when electrode contacts are made at the center 
of the wood and any point on the outer surface in the same cross-section 
of the tree, the center of the wood is always electropositive (in the external 
circuit) to the outer surface of the cortex. This is true for all regions of 
the tree stem below that of the first or second apical internode. Recent 
observations reported below indicate that the orientation of the radial 
polarity in the region of the most apical internode is reversed under con- 
ditions of absence of injury or stimulation. 

Since all or at least the greater part of the radial P. D. is confined to 
the living parts of the wood-cortex system and since the cambium exhibits 
a bipolar structure which corresponds to the bipolar radial growth in 
wood and cortex, we might expect to find that the wood-cortex system in- 
cluding the cambium also exhibits a double electric polarity. 

Up to the time of the present experiments and those to be presented 
in following papers on the effect of temperature, it had not been possible 
to demonstrate with certainty whether or not the cortex possessed an 
electric polarity of its own. The difficulty lay in the fact that any process 
of separation of the cortex from the wood axis involves more or less per- 
manent injury, due to deformation of the cortex and therefore radical 
change in its electric polarity. This fact is also to be expected from the 
experiments reported in the preceding paper which pertain to the effect 
of mechanical stimulation on the electric polarity. 

Various incidental observations seem to indicate that the radial E.M.F. 
per se in the wood is not affected to a noticeable degree by merely removing 
the cortex. This result might perhaps also be anticipated since no marked 
deformation of the wood occurs in such a process. 

The preceding facts led the writer to devise a procedure by which the 
existence of the E.M.F. in the cortex could be made evident without 
injury or at least with a minimum of injury to the cortex. 

The principle of summation of electric polarities of cells, which has 
been fully stated in previous papers, is obviously of fundamental impor- 
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tance. A proof of its validity and a demonstration of its role in electric 
correlation in the Douglas fir is one of the requirements, without which the 
writer’s conception of the role of electric polarity of the cell in the process 
of correlation in tissues can not be considered established. The published 
evidence which appears to be conclusive is found in the experiments by 
Marsh (7, 8) on the onion root. 

In the writer’s first paper on the Douglas fir (Lund (1), pp. 10-11) and 
before we possessed any knowledge of the internal distribution of its cor- 
relation currents, it was assumed that the apparent algebraic summation 
of the external longitudinal E.M.P.’s along the stem was evidence for 
summation. This conclusion is of course correct provided it can be demon- 
strated that the origin of most or all of the observed external P.D. is not 
located at the surface of contact between the water leads of the electrodes 
and the external surface of the cortex. The experimental requirement was 
fully met in the experiments by Marsh on the onion root. In the follow- 
ing experiments it will now similarly be shown that the removal of the 
cortex between the contacts without involving any disturbance of the con- 
tacts themselves does produce characteristic and profound modifications of 
the B.M.F. similar to the results of the experiments by Marsh on the 
onion root. From these peculiar effects of the cortex on the E.M.F. we 
shall attempt to deduce in further detail the pattern of the correlation 
currents in the tree. 

Experiments 

The experiments reported here were carried out on the second and tliird 
internodes of the main axis of the tree. Each internode was isolated just 
before the beginning of the experiment. The lengths of the pieces varied 
from 50 to 70 cm. and the average diameters varied from 7 to 12 mm. 
The ratio of the length to the diameter was therefore actually about twice 
as great as' that indicated in the diagrams of figure 1. Similarly in figure 
6, the ratio of diameter to length of the internode is very much exaggerated 
for the purpose of illustration. 

Procedure I 

Figure 1.1, curves, figure 2 

In this experiment the third internode from a tree fifteen feet high was 
isolated and clamped rigidly at each end to a heavy iron stand. Dry cotton 
pads were wrapped around the jaws of the clamps to prevent mechanical 
injury to the tissues. 

At points 10 cm. from each one of the cut ends of the internode, a ring 
of cortex 4 cm. wide, was removed. Holes two mm. in diameter were 
drilled to the center of the wood axis, at points midway between the cut 
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surfaces of the cortex. Into these holes were inserted glass funnels X and 
Z. The inner openings of the funnels were placed exactly in the center of 
the wood axis. These funnels were filled with tap water and served as 
electrode contacts at the center of the wood axis. Cotton strips saturated 
with tap water were wrapped around the wood axis and dipped into the 
cups A', A and B, B'. These cups were filled with tap water and two mov- 
able Pb-PbClg electrodes were hung over the edges of any pair of cups 
betAveen Avhich a measurement of P.D. was to be made. 

In all the work care was taken to prevent excess wetting of the exposed 
wood axis by the cotton contacts. These contacts and the cups X and Z 
were rinsed occasionally to maintain symmetry. Flowing contacts gave 
the same results as contacts which were rinsed occasionally. 

In the experiment illustrated by figure l.I, the P.D. was measured 
between each pair of the contacts, X and A', X and A, Z and B, Z and B', 
X and B, Z and A, A' and B', A and B. 
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Fig. 1. Diagrams I, II, III and IV of an internode show the position of the glass 
funnel contacts X, Y and Z and the cotton contacts A and B in procedures of experi- 
ments I, II, III, IV respectively, which are referred to in the text. The stippled part 
of the stem was killed in boiling water before the tests were made. 
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The duration of one set of measurements by means of the potentiometer 
was about four to five minutes. The readings were always taken in the 
same sequence. Successive sets of readings were taken at variable intervals 
as indicated by the points on the curves in figure 2. 

The following convention for designating the orientation of the electric 
polarity between the contacts will be followed throughout this and the 
following papers. The designations XB, AB, etc., on the curves mean 
respectively that contact X is electropositive in the external circuit to 
contact B ; contact A is electropositive in the external circuit to contact B, 
etc., whenever the reading of the P.D. is above zero on the ordinate. 
Whenever the readings of P.D. fall below zero the contact designated by 
the first letter is electronegative to the contact designated by the second 
letter. 

It will be observed in figure 1, and in the curves of figure 2 that: 

(1) XA', XA, and ZB, ZB' measure radial E.M.F. in the wood. 

(2) XB measures what will be called the apical-basal diagonal E.M.F. 

(3) ZA measures what will be called the basal-apical diagonal E.M.F. 

(4) AB and A'B' measure what we shall call the longitudinal E.M.F. 

The first fact to notice is that the sequence in the magnitude of the 
radial E.M.F. ’s of the wood at the four pairs of contacts is ZB' > ZB 
> XA > XA'. This relation is maintained during the whole period of 
the experiment and is merely a confirmation of previous measurements on 
the radial E.M.F. in which it was found that the radial E.M.F. of the w’ood 
diminishes as we proceed toward the apex of the tree. 

In accordance with these facts we have arbitrarily designated the 
E.M.F. in the wood at the basal end of the internode in diagram figure 6 
by 8 (di) signs and that in the apical end by 6 (zb) signs. The signifi- 
cance of these arbitrary numbers will be referred to later. 

The main object of the experiments is to show what effect the removal 
of the cortex between the contacts A and B has on the E.M.F, between 
each one of the different pairs of contacts. With this object in view three 
successive sets of measurements were made during the first thirty minutes 
of the experiment previous to removal of the cortex. During such a pre- 
liminary period there usually occurs a marked relative stabilization of 
the E.M.F.’s. 

At the time designated by the vertical arrows the cortex between the 
contacts was gently but quickly stripped from the wood. During this 
process which lasted about two minutes the electrode- contacts were not 
disturbed because the ends of the stem were fixed in rigid clamps. After 
the cortex was removed a reading was taken of each pair of contacts as 
designated in the curves, and thereafter the readings were taken at irregu- 
lar intervals as indicated by the points on the curves. 
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Interpretation op the curves 


MILLIVOLTS Figure 2 




shown in figure 1.1. 

Lower curres ZB, XA, and XA^ give the radial potentials of the wood between 
the correspondingly lettered contacts in figure l.I. The upper and lower sets of curves 
are separated in order to avoid confusion. The magnitudes of the E.M.F.’8 in the 
different curves should be compared. 

The + or- sign of the potential on the ordinate axis always refers to the observed 
sign of the potential at the contact designated by the first letter. Thus in curve XB 
contact X is + to contact B in the external circuit. Similarly in curve A^B^, contact 
A' is + to contact B' in the external circuit, except at one point on the curve where 
A^ becomes -to B^. This method of designating the orientation of the E.M.F. is used 
in all the curves of the following figures. Position of arrows indicates the time when 
the living cortex was removed. 
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Curves ZB', ZB, XA and XA' show that under the conditions of this 
experiment, no marked effect is produced on the radial potentials of the 
wood when the cortex is removed. On the other hand curves AB and A'B' 
show that the removal of the cortex diminished the E.M.F. between contacts 
A and B, and A' and B', even though these contacts were not disturbed. 
If the origin of all the E.M.F. between the contacts A and B, and A' and 
B' was located at the contacts then certainly no change in B.M.F. would 
have been observed by removing the cortex. Since AB and A'B' are prac- 
tically duplicates and therefore of the nature of controls for each other 
we can not regard the result as an accident. Furthermore all similar ex- 
periments on other internodes yielded the same kind of result. The drop 
in the curves AB and A'B' when the cortex was removed is in my experi- 
ence only partially, if at all, ever recovered in such an experiment. The 
interpretation of this result must be that the origin of the E.M.F. in AB 
and A'B' is not merely due to a P.D. located at the electrode contacts, but 
that part of the total E.M.F. originates at loci along the stem between the 
electrodes. This constitutes important evidence for the validity of the 
principle of summation of E.M.F. \s in the stem. A permanent drop in the 
E.M.F. between A and B suggests the conclusion that the cortex is the seat 
of a permanent E.M.F. which, when the cortex is in position, in some 
peculiar manner augments (sums with) the longitudinal E.M.F. in the 
wood axis. 

The most striking effect of removal of the cortex is on the E.M.F. be- 
tween X and B, and Z and A, Note that XB is diminished while ZA is 
increased. These effects are quite permanent. Since the only difference 
between XB and ZA is that of an opposite orientation with respect to the 
polarity of the stem axis, removal of the cortex must produce its oj^positc 
ejects hy virtue of the opposite orientation of the contacts with respect to 
the longitudinal axis of the stem. This apparently means that the E.M.F. 
in the cortex, when in situ, opposes the larger E.M.F. of the wood between 
the contacts ZA and augments (adds to) the E.M.F’. of the wood, between 
the contacts XB. 

The experiment reveals the peculiar fact that the cortex is a tissue 
which determines in part the magnitudes of E.M.F. measured between 
contacts on the wood. The cortex appears therefore to be the seat of an 
inherent E.M.F'. apart from the inherent E.M.F. in the wood. This fact 
is what we suspected to be true in previous papers but were not able to 
prove at that time. The above indirect procedure appears now to yield 
the answer. 

For the sake of clearness and unity of thought we shall present at this 
time a semi-theoretical formulation of the facts. The following experiments 
will be used as tests for the validity of our interpretation. 
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The relative magnitudes of the electric polarities and direction of the. 
resulting internal correlation currents are illustrated in the diagram of 
figure 6. The facts upon which this diagram is based are : 

1. A radial E.M.F. with the orientatiaa indicated by the + and ~ aigns exiata 

between center and surface of the wood axis. 

2. The magnitude of this radial E.M.F. is less as the apex of the tree is ap* 

proached. This is arbitrarily indicated by the numbers 8 and 6, which cor- 
respond respectively to the numbers of the + and - signs. For the moment 
we shall limit discussion to only two regions whose location is given by 6, 
5 and 8, 2, 

3. It will be shown later that there is a radial E.M.F. in the cortex, which is 

oriented oppositely to that in the wood, that is, the outer surface of the 
cortex is electropositive in the external circuit to the inner cambial surface. 
Furthermore this radial E.M.P. increases toward the apex of the tree. This 
fact is indicated by the numbers 5 and 2 in the cortex. 

Now suppose we apply contacts at a and b, a current would then flow 
from a to b in the external circuit. This agrees with all actual experimental 
observations. Under natural conditions this external return'^ circuit we 
will assume to exist in the conducting outer layers of the cortex. The 
main seat of E.M.F. is assumed to be in the inner young active phloem and 
cambium layers similar to the observed location of the greater part of the 
E.M.F. in the outer layers of the wood (Lund 3). The arrows in the 
cortex indicate the direction of the internal return circuits. 

Again suppose we lead off from b and d, the direction of the flow^ of the 
current in the internal part of the circuit would be inward in the direction 
of the vertical arrow. This again is in agreement with experiment. Sup- 
pose we make contact at points c and d in the central axis, then the diagram 
shows that we would expect the current to flow in the external circuit from 
d to c. But now we must remember that since the electrical resistance of 
the old wood at the center of the tree is very high and the greater part of 
the E.M.F. designated by the numbers 8 and 6, lies near the surface in the 
young actively growing wood w^e would expect to observe a small current, 
and a small E.M.F. between the central points c and d as measured by the 
potentiometer. This is just what the experiments in previous papers have 
shown. The observed magnitude and orientation of the longitudinal E.M.P. 
in the center of the wood axis depends upon the position of the leads 
(= inner ends of the glass funnels) in the wood axis. The direction of the 
arrows at the center indicate the general direction of flow of the correlation 
current chiefly in that part of the wood having a relatively low electrical 
resistance. 

Suppose we lead off from c and a, experiment shows again that c is 
electropositive in the external circuit to a, at least in the regions of the 
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second internode and in all internodes below it (c/. later data). Therefore 
the current in the cortex-wood system in such an observation would flow 
from a to c just as was observed between b and d. However, if we include 
the E,M.P.'s in both of the polar .regions between a and c, and between b 
and d in a complete system and connect them by conductors, the direction 
of the current will be determined by the basal region b-d and not by a~c, 
because the E.M.P. of b-d is 8-2 = 6 units while the E.M.F of a-c is 6-5 =1 
unit. These two are opposed to one another and the resultant E.M.P. will 
be the difference or 5 units of E.M.P. in our simplified case. The actual 
direction of flow of electric current in the region between a and c will 
therefore be that which is indicated by the arrow and not the opposite (c/. 
Lund (3), p. 277). 

Regions a-c and b-d we speak of as being electrically correlated. In the 
above very simple case we may say that the E.M.P. of the region b-d 
determines more or less the direction of flow of electrical energy in the 
region a-c. In this manner it now becomes obvious that mutual interaction 
of E.M.P. ’s may result in mutual modification of electrochemical processes 
and therefore mutual modification of other linked metabolic processes in 
different regions. 

I wish to emphasize that the above formulation of the facts is to be 
thought of as a simplified description of the operation of the internal corre- 
lation mechanism. Without such simplification the presentation of the 
experimental facts becomes difficult and discouragingly indefinite. 

Let us now return to the curves of figure 2. The fact that the longi- 
tudinal E.M.P.^s A'B' and AB are reduced by removal of the cortex, can 
now be understood from figure 6 in the following way. Since the inside 
surface of the cortex at b is more electropositive (=less electronegative) 
than the inside surface of the cortex at a, obviously this E.M.P. in the 
cortex when the latter is in its normal position, operates in series with the 
E.M.F. in the wood. That is, the E.M.F. between any two points in the 
longitudinal axis of the wood is increased by the presence of the cortex. 
Removal of the cortex would therefore be expected to result in a decrease 
in the longitudinal E.M.F. This agrees with the observed result. 

The resultant E.M.F. of the cortex when in position, is oriented in the 
same way as the E.M.P. in the region d in the wood. Removal of the cortex 
should therefore cause a decrease in XB. The curve shows that it does. 

On the other hand ZA is increased when the cortex is removed. This 
must mean that the E.M.P. in the wood in the region c is released from an 
opposing resultant E.M.P. residing in the cortex. 

The opposite effects on XB and ZA caused by removal of the cortex, 
together with the fact that our diagram fulfills the requirements of observed 
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experimental facts, suggest very strongly that XB is, to a large extent, a 
measure of the B.M.P, in the region d-b and that ZA is largely a measure 
of the E.M.P. in the region a-c. The fact that the E.M.F. between c and d 
is usually small also suggests the same interpretation. 

It appears to be evident from curves ZB', ZB and XA, XA' that the 
E.M.P. in the cortex does not affect these strictly radial potentials in the 
wood. In our interpretation of the experimental facts we have attempted 
to construct a diagram of the relations between the orientation and approxi- 
mate relative magnitude of the internal correlation potentials in wood and 
cortex, which will fit the facts. The success to which we have attained will 
in part be indicated by the experiments which follow. 

Procedure II 

Figure l.II, curves, figure 3 

The arrangement of the experiment indicated by diagram II in figure 1 
is essentially the same as that in procedure I, except that another contact 
Y was added at the center of the wood and the contacts A' and B' were 
dispensed with. 

The curves in figure 3 show that most of the potentials underwent a 
gradual decrease during the period of the experiment. When the drift 
(shift in flux equilibrium, c/. Lund (6) ) had become uniform the cortex 
between A and B was removed. The time of removal is indicated by the 
vertical arrows. 

Tlie curves ZB and XA show again that the radial potentials in the 
exposed wood are affected little if any by removal of the cortex. Note also 
that ZB > XA. This is to be expected since the position of ZB is more 
basal than that of XA. 

The E.M.F. of XB is decreased and that of ZA is increased by removal, 
of the cortex. This result and its interpretation is again the same as that 
ill procedure I above. It will be noted that this increase and decrease of 
E.M.F. resulting from removal of the cortex occurs in spite of the continual 
drift of the E.M.F. ’s. 

The longitudinal E.M.F. AB also drops to a very low value and remains 
low or absent during the remainder of the experiment. This result is the 
same as in procedure I. 

The curves for the two measurements YB and YA are interesting for 
two reasons : First, because YB > YA. This indicates that YB measures 
largely the radial oblique E.M.F. located toward the basal region near the 
contact B, while YA measures the corresponding radial oblique E.M.F. in 
the apical region near the contact A. (c/. about p. 638), The second fact 
of interest is that after removal of the cortex, YB and YA approach each 
other in magnitude: Why? The answer is apparently given by our dia- 
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Fio. 8. Upper curves ZB, XB, ZA, and XA refer to B.M.F. ’s between correspond- 
ing contacts in figure 1.II, and are strictly comparable to the curves in figure 2 
designated by the same letters. The middle curve AB is strictly comparable to curve 
AB in figure 2. Curves YB and YA measure the E.M.F.’s between the corresponding 
contacts. Their relative magnitudes should be noted. 
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gram figure 6. Namely, the B.M.F. of the cortex when in contact with the 
wood, is applied so as to augment the difference in E.M.P. between the 
regions d and c, namely 8-6 = 2. In order to augment this apparent differ- 
ence (= difference between YB and YA) the E.M.P. at d( = 8) is increased, 
while that at c (=6) is decreased. Or stated in other words the resultant 
E.M.P. of the cortex sums with the local and relatively basal lyidial 
E.M.P. ’s in the wood since they are oriented in the same direction and are 
therefore in series, while relatively apical and local radial E.M.P.^s in the 
wood are decreased because the resultant E.M.P. of the cortex opposes the 
inherent apical radial E.M.P. in, for example, the region c. A second 
experiment of this kind gave the same results. Our diagram in figure 6 
appears to be in striking agreement with the facts. 

Procedure III 
Figure l.III, curves, figure 4 

Effect of killing the basal half of the tnternode by heat. — The 
second internode from a tree twenty feet high w^as used. The total length 
of the internode was 50 cm. The apical and basal diameters of the wood 
at A and B were 8.5 and 12 mm. respectively. The lengths of the cortex 
between Y and A, and between Y and B, vrere 14.5 and 14.0 cm. respec- 
tively. The length of each ring of cortex which was removed at A and B 
was 4 cm. The set up in procedure III was identical with that in pro- 
cedure II except that the basal half of the internode (stippled) was im- 
mersed in boiling tap water for two minutes. The heated cortex assumed 
a brown color. 

During exposure of the basal half of the internode to the boiling water, 
tile apical half was protected from injury by wrapping it in cloths soaked 
with cool w’'ater. The heated half of the internode was now cooled in 
running tap water, wiped dry and fixed in position with the contacts. The 
preparation was left for over an hour, during which several readings of 
P.D. were taken. Toward the end of this period the P.D.’s became rela- 
tively constant. 

When this had occurred, the dead cortex on the basal half of the inter- 
node was quickly removed. The time of removal is indicated by arrows in 
figure 4. A set of measurements was taken and immediately after these 
readings, the living cortex on the apical half of the internode was also 
removed. Readings of E.M.P. were taken thereafter at intervals as indi- 
cated on the curves. 

The effects produced by removal of the cortex in this type of experiment 
appear somewhat bewildering at first sight. A study of each curve by 
itself is however quite illuminating and reveals a number of interesting 
facts. The first fact which is apparently indicated in* the curves is that 
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Fig, 4. Upper curves show the changes in B.M.F. produced T)y removal of basal 
(dead) and apical (living) cortex between the different pairs of contacts in figure 
Lower curves are drawn on separate ordinates to avoid confusion. For inter- 
pretation see text. 

removal of the living apical half of the cortex produces quicker and greater 
change in certain E.M.F.’s than the removal of the dead cortex. 

Curve ZB which represents the radial B.M.F. in the dead wood is 
constant and has the same orientation as the B.M.F. in the living tissue. 
Similarly YB has the same orientation but not a greater magnitude relative 
to YA in the living apical half, as would have been found if the region YB 
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were living.^ Curve XA of the radial B.M.F. of the living wood shows a 
drift in the E.M.P. but is apparently not affected by removal of the cortex. 
This result agrees with those of all other experiments. 

Comparing YA and TB we see that YA which is living is increased by 
removal of the living cortex just like ZA was increased in procedures I and 
II above. On the other hand YB, which is dead, is not at all affected by 
removal of its dead cortex. Evidently ZA is comparable to YA since both 
include the living region and are increased by an equal amount. We may 
perhaps infer from this that YA and ZA measure the E.M.P. of approxi- 
mately the same region, namely that near A. On the other hand the con- 
tacts X and Y with respect to B are not the same, because XB includes the 
living wood end and is therefore affected by removal of the living cortex, 
while YB does not include any living wood and is not affected by removal 
of either living or dead cortex. This is the reason why removal of the 
cortex does affect XB but does not affect YB. The E.M.P. of XB is de- 
creased in a similar way to that in procedures I and II. However its 
polarity is finally inverted so that X becomes electronegative to B. 

Eemoval of the living cortex decreases very much (= inverts) the longi- 
tudinal wood E.M.P., AB. This is fundamentally the same result as that 
obtained in all experiments of procedures I and II above. With reference 
to figure 6, the interpretations of the effects of removal of the living cortex 
in procedure III are identical with the interpretations given above for 
procedures I and IT, and therefore we shall not repeat them. 

Procedure IV 
Figure l.IV, curves, figure 5 

Effect of killing the apical half op the internode by heat. — The 
experimental procedure was the same as that in the previous experiment 
except that the third internode of the same tree was used, and the apical 
half of the internode was killed by immersion in boiling water for four 
minutes. The times of removal of the dead and living cortex are indicated 
by the vertical arrows on the curves, 

^ Aliy partial critic of the oxidation-reduction theory of the origin of continuous 
bioelectric currents might obviously consider these facts as support for the common 
theories of bioelectric currents, according to which bioelectric E.M.F.^s are due to 
differences in concentration of inorganic ions. In this connection the writer merely 
wishes to repeat that several types of electric potentials in all probability enter into 
various bioelectric phenomena. The problem which concerns us is the identification of 
the particular kinds of E.M.F. which occur in different electrical phenomena inherent 
in the living cell. In any case the existence of a P.D. in a dead system is obviously 
no secure basis for inferences regarding the nature of the E.M.F.’s in the previous 
living state of that system. 
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Fig. 5. Upper curves show the changes in E.M.F. produced by removal of apical 
(dead) and basal (living) cortex between the different pairs of contacts in figure 
1.IV. The corresponding curves in figties 4 and 5 should be compared. For inter- 
pretation see text. 
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Again the radial E.M.P.’s, ZB and XA do not show any appreciable 
affect of removal of the cortex. The longitudinal wood AB, now 

shows a distinct increase in B.M.P. as compared to a decrease in all the 
previous types of experiment when the living cortex was removed. The 
question is, why do we obtain opposite effects on AB in the two procedures 

III and IV when the living cortex is removed? 

Referring to figure 6 we recall that the resultant of the E.M.P/s in the 
cortex is oriented in such a manner that it augments (= increases) the radial 
B.M.P. of the wood in the region d, but opposes the radial E.M.P. of the 
wood in the region c. After the removal of the living cortex in procedure 
III, A is electronegative to B (inverted polarity). In this case the resul- 
tant E.M.P. of the cortex is evidently opposed to the inherent longitudinal 
E.M.P. of the wood when the cortex is in situ. The result is that the in- 
herent (inverted) longitudinal B.M.P. in the wood between A and B in 
curve AB of figure 4 is diminished by presence of the cortex and increased 
by its removal. 

The opposite explanation evidently applies to curve AB in procedure 

IV because the curve shows that after removal of the living cortex, A is 
electropositive to B. In this case the orientation of the resultant E.M.P. 
ill the cortex was again opposite to that in the wood, since removal of the 
living cortex in procedure IV resulted in an increase in the longitudinal 
E.M.P. of the wood. Since contacts Z and A of procedure III are com- 
parable respectively to contacts X and B of procedure IV, in their relation 
to dead and living parts of the stem, we should expect that removal of the 
living cortex would affect both of these E.M.P. \s in the same manner. The 
same statement applies to curve ZA of figure 5 and curve XB of figure 4. 
Both of these expectations are fulfilled as shown by the curves. 

Again since the contacts Y and A in procedure III are comparable 
respectively to contacts Y and B in procedure IV in their relation to dead 
and living parts, we should perhaps expect that removal of the living cortex 
would effect both of these E.M.P. 's alike. The curves show^ that both of 
these E.M.P. \s are increased. Finally curve YA show^s that the E.M.P. of 
this dead segment is not affected by removal of the dead cortex. This re- 
sult is the same as that in curve YB of figure 4, procedure III. 

Discussion 

Increase in the radial e.m.p. in the cortex toward the apex 

The preceding experiments, especially those of procedures I and II, 
have showm that the effects of removal of the cortex^ lead to the conclusion 

® By cortex is of course meant the living parts without specifying which particular 
ceUs are primarily concerned in the electric phenomena. Identification of the particular 
cells concerned is of course a problem for the future. 
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that the resultant E.M.F. of the cortex augments the resultant longitudinal 
E.M.P. of the wood. This leads to the inference that the radial E.M,P. in 
an apical part of the cortex is relatively greater than that in a more basal 
part of the cortex, at least under conditions of absence of injury and 
stimulation. The arbitrary numbers 5 and 2 in figure 6 are intended to 
indicate this fact. 



procedure II. The numbers 2 and 5 represent arbitrarily chosen values of the radial 
E.M.F. ’s in the cortex at this level, and correspond to the numbers of + niul - signs. 
Similarly the numbers 8 and 6 represent arbitrarily chosen values of the radial E.M.F. in 
the wood. The indicated orientation and relative magnitudes of the radial E.M.F. ’s in 
cortex and wood are those which would fulfill all the requirements of the observed ex- 
perimental facts. The direction of flow of the resulting current produced by the two 
systems of E.M.F. ’s in cortex and wood is indicated by the direction of the arrows. Note 
that the resultant E.M.F. in the cortex is in series with that in the wood. At the bot- 
tom of the figure is shown two layers of cells in section ; these represent diagrammatically 
the bipolar cambium and other living cells in cortex and wood in which the E.M.F. 
originate. The direction of the arrows indicate the general direction of the flow of 
electric current. For fuller description see text. 

Now if the reader will refer to the diagram E in figure 7, page 271, and 
table 4, page 275 in the article by Lund (3), it will be found that the magni- 
tude of the basal-apical oblique E.M.F. ’s have always the following relation 
E, > Ej > Ej. A specific illustration is given in table 4 where Eg = 67.5 
m.v., Eg = 52.0 m.v., and Eg = 31.5 m.v. As the external contact in such a 
series of measurements is moved farther toward the apex the E.M.P.’s 
decrease until they finally become zero. Above this zero point the E.M.F. ’s 



Fig. 7. This diagram attempts to show the approatimate distribution and usual 
orientation of the E.M.F.^s in the wood and cortex of the Douglas fir together with the 
resulting orientation of the externally observed polarities in the main aads and branches. 
The relative magnitude of the E.M.F. ’s in wood and cortex of the main axis are md^ 
cated by the groups of + and — signs on the right hand side of the diagram. Each 
branch is the seat of a similar distribution of E.M.F.'s. ... * .a i i. 

The system of arrows in the wood and cortex on the left hand side indica^ the 
direction of the resultant E.M.F. in the wood-cortex system in the tree under conditions 
of absence of stimulation. Experiments show that the E.M.F. ^s m the apical region 
are especially subject to large fluctuations in magnitude and direction. The diagram is 
of course not to be taken too literally, although it fits all the observed experimental 
facts which are known at present. 
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increase again but the outside apical contact now becomes electropositive 
(in the external circuit) instead of electronegative to the lower contact in 
the center of the wood axis. 

A series of measurements was carried out on the apical ends of lateral 
branches. The contacts were those designated by GA, GC, GB, GD, GE 
and GF in figure 1 of the preceding paper (Lund 6). All of these measure- 
ments showed that the apical contacts were electropositive to G except F, 
and 6P exhibited only a small E.M.P. This is interpreted to mean that 
the total radial E.M.F. of the wood plus cortex diminishes toward the 
apex. This decrease is due to the decrease in diameter of the wood axis 
toward the apex, because it has been shown that the radial E.M.F. is 
proportional to the thickness of the peripheral living active part of the 
wood axis. 

The basal-apical oblique E.M.F. \s in apexes are relatively large. The 
greater part of this E.M.F^. must have its origin in the cortex since the 
orientation of the E.M.F. between these contacts is reversed in the extreme 
apical regions. In other words the radial and therefore the resultant 
longitudinal E.M.F^. in the cortex of the growing apical segment is greater 
than that in the thin tubular wood axis. It is evident that in the apex it 
is the E.M.F. of the cortex which dominates the electromotive phenomena. 

In figure 7 this basal-apical increase in radial E.M.F. in the cortex is 
indicated by the larger number of + and ~ signs. We conclude from the 
preceding facts that there must exist a point at some distance below the 
apex where the radial E.M.P. of the wood plus cortex equals zero.® The 
facts taken as a whole show that the radial E.M.F. of the apex is subject 
to unusually large fluctuations in magnitude when compared to other 
regions of the tree. The person who likes to contemplate the adaptive 
features of biological mechanisms will find interesting material in tlie 
operation of the mechanism of electric correlation. 

General consideration of tiie results and their rearing on energy 

TRANSFORMATION IN THE PLANT 

The experiments have revealed a group of new phenomena, the conse- 
quences of which are of special interest for cell correlation and related 
processes. In the first place they show in an unequivocal manner that the 
E.M.P., which is observed when we measure the external electric polarity 
of the stem and branches of the tree is the algebraic result of a system of 
internal B.M.P.’s. the elements of w'hich are located in two main regions, 
namely the cortex and wood. The experiments show that the resultants of 
these systems of E.M.P. 's augment one another, that is to say they operate 

« This point corresponds to that on the main axis of the stem at which the extra- 
polated curves of E.M.r. in Lttnd ((3) figure 4, page 265) cuts the horizontal axis. 
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in series like two complex systems of batteries. In general they show that 
an electric Current flows downward in the outer cortex and upward in the 
wood axis. The results therefore confirm previous observations but in 
addition show that the cortex is the seat of a separate E.M.F. Figure 7 
is presented as an approximate summary of the facts to date. To help 
visualize a little more accurately the direction of flow of the transverse 
and longitudinal components of the currents, the bipolar cambium and 
other bipolar origins of the E.M.F. are represented diagramatically in 
figure 6 by two layers of cells with a system of arrows to indicate the 
general direction of the correlation currents. Future experimental analysis 
of the distribution of correlation currents will of course be toward a de- 
scription of the patterns in microscopic dimensions. In all probability 
these patterns will be found to correspond more or less to the complex 
cellular architecture of the wood and cortex in which they originate and 
in w'hich their energy is being transformed and dissipated. 

One fact of extreme interest which must be clearly recognized is that 
when we measure the E.M.F. between any two contacts the magnitude of 
this E.M.F. is in general not necessarily directly proportional to the total 
electric current which flows in the local circuits in the tissues between the 
electrode contacts. In other words the system operates more like a complex 
network of conductors with a relatively fixed pattern of local origins of 
E.M.F. ’s. It appears certain from this consideration that relatively large 
amounts of electrical energy are being transformed into electrical work 
and heat, which would not be indicated by single measurements of E.M.F. ’s 
or electric currents led off from a single pair of contacts as we do in actual 
practice. 

It is not improbable that a considerable part of the total heat energy 
output by the plant is derived from continuous electric currents, the 
energy of which appears only secondarily as heat. If this is true then it 
is obvious that the experiments have opened to us a new vista of the 
phenomena of energy transformations in the plant. We shall discuss 
briefly some of the possibilities in what follows. 

Continuous correlation currents as the possible source of energy for 

ELECTROENDOSMOTIC TRANSPORT IN THE PLANT 

The writer can not forego the opportunity at this time of presenting 
what appears to him a distinct possibility, namely that one of the functions 
of the continuous electric current which is directed upward in the wood 
is to supply electrical energy for electroendosmotie flow of sap in an up- 
ward direction in the conducting vessels of the wood. This suggestion may 
also apply to a downward flow in the cortex as well as transport across 
the stem. 
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If this is the case we would expect that the well known equation for 
velocity of flow in a system of capillaries caused by the application of an 
E.M.F. would apply, namely, 

V- qeHt; 

4 JITJ 1 

In this equation v = volume flow, q = area of cross-section of the capillary 
system, H = the applied E.M.F., £ = the dielectric constant of the liquid, 
Yj = the viscosity, and 1 = length of the capillary system, t = the electro- 
kinetic potential between the liquid and wall of the capillary. Suppose 
we consider a certain bundle of conducting vessels or a single conducting 
vessel in the water conducting region of the wf)od (Overton 9). The 
orientation of the radial and resultant longitudinal E.M.F.’s is that repre- 
sented in the diagram figure 6. It is evident that q, c, yj and 1 are deter- 
minable quantities. H is supplied by the inherent E.M.F., leaving the 
electrokinetic potential t to be considered. Now it has been shown by 
Stamm (10) that the orientation of the electrokinetic potential of the walls 
of wood vessels against water is such that the liquid in all the types of 
wood which he examined namely, Sitka spruce, Alaska cedar, western red 
cedar, western hemlock, Douglas fir and yellow poplar, moved from 
anode to cathode, showing definitely that water with respect to the capillary 
vessel wall carries a positive charge, 

Stamm experiments therefore demonstrate first, that an electrokinetic 
potential exists between the water and the wall of the conducting vessel. 
The presence of the electrokinetic potential as the equation shows, is a 
sine qua non for the occurrence of electrokinetic flow, for if t is 0 tiien 
v = 0. The second significant fact about Stamm experiments is that the 
electrokinetic potential is oriented in the right direction, that is, water is 
electropositive to the wall of the vessel and therefore the observed inherent 
B.M.F. in the wood, figure 6, which now takes the place of H in the equa- 
tion will of necessity tend to transport the water upward and not down- 
ward in the vessels of the wood. 

With these facts in mind a few preliminary experiments were carried 
out on the apexes of lateral branches of the Douglas fir. The procedure 
was as follows. The apical part of a lateral branch was cut off about one 
inch below the origin of the two most distal symmetrically placed lateral 
shoots. Care was taken to select tips of branches in which these two 
lateral shoots were placed exactly opposite one another at the base of the 
main axis shoot. The cut basal end was dipped into a solution of eosin in 
water. Tap water electrode contacts were attached to the tips of the two 
lateral shoots. A constant electric current of a few microamperes was sent 
into the apex of one of the symmetrical lateral shoots and out through 
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that of the other. The applied current therefore passed downward in one 
and upward in the other shoot. The current was left on usually for eight 
to twelve hours. During this period the solution usually ascended several 
cm. in the wood axis. 

Removal of the cortex showed that in most cases the distance to which 
the dye had risen in the two lateral shoots was unequal. In all the experi- 
ments showing distinct inequality the solution had penetrated to the great- 
est distance in that lateral shoot in which the electric current flowed from 
base to apex in the wood. In some of these preliminary experiments the 
difference was very marked while in others the result remained uncertain. 

The results of these preliminary experiments are merely to be consid- 
ered as suggestive. However, the results indicate agreement with the inter- 
pretation wiiich we have presented above. 

At present the phenomena are being investigated with a fuller con- 
sideration of the many factors which are involved. It is obvious that such 
phenomena as guttation and bleeding pressures may be the expression of 
the same type of mechanism. 

The possible application of correlation potentials in roots (Lund and 
Kenyon, 6 ) to the problem of differential absorption of ions will be con- 
sidered in later papers. 

Summary 

1. The results of the experiments constitute direct and conclusive 
evidence that the principle of summation of E.M.P.'s applies to phenomena 
of electric correlation between living cells in the Douglas fir. 

2. The cortex of the Douglas fir is the origin of a characteristic E.M.P. 
The orientation of the radial E.M.P. in the cortex is opposite to that in 
the wood. 

3. Several lines of evidence show that this radial E.M.P. in the cortex 
increases toward the apex, while that in the wood decreases. 

4. It is shown that the resultants of each one of the two systems of 
E.M.P. *s ill the cortex and wood operate as if they are placed in series. 

5. Removal of a ring of living cortex which lies between two contacts 
placed on or in the wood axis results in a permanent change in the previ- 
ously observed E.M.P. between these contacts. The direction of change 
depends upon the position of the contacts. 

6. Removal of similar rings of cortex from stems which had been killed 
by heat did not produce any such marked effects. 

7. Electromotive forces are present in stems killed by heat, but the 
behavior of such E.M.P. 's is radically different from those in the living 
cortex. 
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8. AtteLtion is called to the possible role under certain conditions of 
electric correlation currents in the wood as a source of energy for electro- 
endosmotic transport of water upward in the conducting vessels of the 
wood. It is shown that all present known facts agree with this possibility. 

9. The observed small quantities of electric energy which may be led 
off from two contacts on the tree are not to be considered as indicative of 
the actual amounts of electrical energy which are transformed into work 
and heat in the plant. There is every reason to believe that the quantity 
of electrical energy which is transformed is much larger than has hereto- 
fore been suspected. 

University op Texas, and 

Puget ScJund Biological Station, 

Friday Harbor, Washington. 
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NOTES ON THE NUTRIENT REQUIREMENTS AND THE HISTOL- 
OGY OP THE CRANBERRY (VACCINIUM MACBOCABPON 
AIT.) WITH SPECIAL REFERENCE TO MYCORRHIZA^ 

Bvth M. Addoms ans F.C. Mounc^e 
(with three piguebs and two plates) 

Introduction 

The nutrition of the cranberry, as well as of various other members of 
the Ericaceae, is complicated by the fact that under ordinary cultural con- 
ditions the green plant exists in close association unth a fungus. Although 
an association of a fungus with the roots of a higher plant is called a mycor- 
rhiza, the literal definition of the word must be extended somewhat to in- 
clude the condition that exists in the Ericaceae, for in this family the 
fungus is not confined to the roots, but is coextensive with the growth of 
the plant, occurring in practically every organ. The fungi associated with 
the Ericaceae were named by Ternetz (14) in 1907 as strains of Phoma 
radicis, and have since been isolated by Rayner (9) and other workers. 
The most complete summary of the work that was done on mycorrhiza by 
various workers prior to 1927 is to be found in a monograph by Rayner 
( 10 ). 

Field experiments by various workers (1, 12, 15) have led to conflicting 
reports in regard to the value of various nitrogenous fertilizers. It is pos- 
sible that the presence of the endophytic fungus may make available forms 
of nitrogen that could not otherwise be utilized by the green plant. The 
present project was undertaken in an attempt to contribute to our knowl- 
edge of the fertilizer requirements of the cranberry, and of the structural 
and nutritional relationships between the cranberry and its endophyte. 
This paper represents only a preliminary report ; it is hoped that a continu- 
ation of the work will yield further results. 

Methods 

Cultural 

All of the plants used in these experiments were of the variety Early 
Black.* On April 26, 1930, several hundred rooted cuttings selected for 
uniformity were removed from bog soil, washed clean, transplanted to 
washed quartz sand in new eight-inch flower pots, two to four plants to a 

1 Journal Series paper of the New Jersey Agricultural Experiment Station. 

* The plants were obtained through the courtesy of Miss Elizabeth C. Whot, of 
Whiteebog, N. J. 


m 
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pot, and placed in a greenhouse. The stems of these plants (fig. 1) averaged 
from 13 to 15 cm. in length. For a period of three weeks, during which 
time they resumed growth after transplantation, they received a full nutri- 



Fig. 1 . Rooted cuttings, as transplanted to sand culture on April 26 , 1930 . x 

ent solution (see Series 2, below). On May 17 they were divided into 4 
series, which from then until the latter part of August received the follow- 
ing nutrient treatments : 

Series 1. — 21 pots formed a culture triangle, each pot receiving a dif- 
ferent proportion of MgSO., KHj,PO., and Ca(NOs )2 as shown in table I, 
but all having the same total osmotic concentration ( 6 ). The salts were 
supplied by Shive's constant-drip method ( 13 ). This series was run in 
duplicate. 

Series 2. — ^28 pots received solution RjS^ of the above triangle, a solu- 
tion which had been shown by previous experiments to be well-suited to the 
growth of many kinds of plants. Nitrogen was supplied as Ca(NOg)8. 
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Fio. 2. Below, block diagram sb owing the amount of linear growth of stems in 
each culture of the triangle. Above, block diagrams showing the molecular proportions 
of :MgSO^, KHaPOo and Ca(NO,)a, respectively, in each of the nutrient solutions of the 
triangle. 

Series 3. — 28 pots received a solution entirely lacking in nitrogen, Solu~ 
tioii R0S4 was modified by the substitution of CaClg for Ca(NOa)2. Prom 
time to time the sand was tested for nitrates, always with negative results. 
Series 4. — 6 pots received a solution of the following composition (6) in 
which nitrogen was supplied as ammonium sulphate : 


Balts used 


(NH,),SO, 


Partial volume- 
molecular CONCENTRATION 


0,0014 


KH^PO* 


0.0020 


CaCl, 


0.0073 


MgS04 


0.0071 
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TABLE I 

Composition of cuLTiniE solutions used 


Solution 

NUMBER 

Molecular proportions 

Partial volume-molecular 

CONCENTRATIONS j 

Average 

STEM 

growth 

PER PLANT 

KH.>P04 

Ca(NO.O, 

i MoSO, 

KH2PO4 

Ca(NO.), 

MGSO4 

IRISI 

1 

1 1 

6 

0.0027 

0.0027 

0.6161 

cm, 

190 

82 

1 

2 1 

5 

0.0025 

0.0049 

0.0123 

213 

S3 

1 

.3 

i 4 

0.0024 

0.0071 

0.0094 

163 

S4 

1 

4 

3 

0.0022 

1 0.0089 

0.0067 

136 

85 ! 

1 1 

5 

2 

0.0022 

0.0108 

0.0043 

116 

S6 

1 

6 

3 

0.0020 

0.0122 

0.0020 

121 

R2S1 

2 

1 

5 

0.0053 

1 0.0027 

0.0132 

197 

82 

o 

2 

4 

0.0049 

I 0.0049 

0.0099 

263 

S3 

o 

3 

3 

0.0047 1 

1 0.0071 

0.0071 

242 

S4 

2 

4 

2 

0.0045 

0.0090 

0.0045 

1.55 

85 

2 

5 

1 

0.0041 

: 0.0104 

0.0021 

103 

R3S1 

.3 

1 

4 

0.0076 

i 0.002.') 

0.0101 

211 

82 

3 

o I 

3 

0.0072 i 

0.0048 

0.0072 

211 

S3 

3 

8 

2 

0.0068 

0.0068 

0.0045 

171 

84 ! 

3 

4 

1 

0.0065 

0.0086 

0.0021 ! 

j 

178 

R4S1 

4 

1 

3 

0.0099 

1 j 

j 0.0025 

0.0074 

220 

82 

4 

2 

2 

0.0094 

1 0.0047 

0.0047 

238 

S3 

4 

3 ! 

j 

1 

0.0090 

0.0068 

0.0022 

231 

R5S1 

" ! 

1 

2 

0.0123 

0.0024 

0.0049 

257 

82 

i ^ 

2 

1 

0.0118 

0.0047 

0.0023 

241 

R681 

6 

1 

1 

0.0145 

0.0024 

0.0024 

272 


This series was started about four weeks later than the others. 

In all of the cultures the total osmotic concentration was approximately 
one atmosphere. Iron was supplied from time to time as ferrous sulphate. 
The acidity of the various nutrient solutions ranged from pH 4.9 to pH 5.6, 
a range somew^hat less acid than that of most cranberry bogs. 

Supplementary experiments, carried on from time to time as need arose, 
are described later in this paper. 

Histological and microciiemical 

Cranberry plants from the cultures described above, and also plants of 
the same variety from a commercial bog were examined microscopically for 
details of structure of the cranberry plant and of its endophytic fungus. 
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Microeliemical tests were in general those suggested by Dr. Bckbbson (3) 
of the Boyce-Thompson Institute. For the most part it was found desirable 
to study fresh material, colored by means of ruthenium red, aniline blue, 
mercurochrome, or other stains. For fixed material both orange G and 
safranin were found useful when suiBciently dilute. 

Results 

Cultural 

All of the plants, with the exception of those that received no nitrogen, 
and the three or four poorest cultures of the triangle, were fairly green, 
grew vigorously, and produced runner-growth greatly exceeding that of 
similar plants that were grown for the same period in a commercial cran- 
berry bog. In fact, the plants would be regarded by a commercial cran- 
berry grower as too vegetative for the production of fruit. The linear 
growth of stems of the various cultures in the triangle is shown in table I 
as average growth per plant in centimeters. Correlation between amount 
of stem-growth and composition of nutrient solution is shown graphically 
in fig. 2. The linear growth of stems in Series 2 to 4 is given below : 


Series 

Linear growth or stems (average op 

4 PLANTS) IN CM. PER PLANT 

Series 2, nitrate (B 3 H 4 ) 

227 

3, minus nitrogen 

52 

4, ammonium . 

370 

Fig. 3 shows the general appearance of representative plants on August 
22, and gives indication of the vigor of their growth. With the exception 
of the minus-nitrogen series and of the plants that received the highest 


concentrations of nitrate, all plants produced large and apparently healthy 
root systems. 

Bog soil, the usual habitat of cranberry plants, has a high content of 
humus and a relatively low content of nitrates. Because of these facts, an 
additional experiment 'was conducted. Five grams of dried blood, which is 
often used as a fertilizer in cranberry bogs, and which has a high content of 
organic nitrogen, were added to each of two pots of cranberry plants that 
were receiving the minus-nitrogen solution (Series 3). The plants re- 
sponded quickly to the treatment, developed in apparently healthy manner, 
and produced runner-growth comparable to that of the ammonium series 
(Series 4). After these cultures had been continued for several weeks, the 
sand was tested for nitrates, ammonia, and amino acids. The diphenyl- 
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amine test indicated the presence of only a faint trace of nitrates; aspira- 
tion yielded ammonia; Sorensen's formal titration method showed a con- 
siderable quantity of amino acids. 

It thus seems possible, although nothing has been proved, that the cran- 
berry plant or its endophyte or the combination of the two (mycorrhiza) 
can utilize amino acids. Additional evidence is furnished by the results of 
an experiment performed during the latter part of August. Three pots of 
minus-nitrogen plants (Series 3) were selected for uniformity; one was 
supplied with a solution containing nitrogen in the form of nitrate only 
(solution one in the form of ammonium (solution of Series 4), and 

one in the form of amino acids only (glycine, leucine, tyrosine, and as- 
paragine in a total concentration of 0.1 per cent.). All solutions were sup- 
plied by Sjiive's constant-drip method. The amino acid solution was boiled 
each day before it was added to the cultures, to minimize bacterial action. 
The sand was tested frequently for nitrates, always with negative results ; 
it did, however, contain a trace of ammonia. The plants receiving am- 
monium and amino nitrogen respectively responded much more quickly 
than those receiving nitrate nitrogen, and within a week showed appreciable 
growth. 

Histological and microchemical 

The roots of the cranberry plant, in common with those of many other 
members of the Ericaceae, are very fine and much branched, with no root 
hairs, so that nutrients must be absorbed by unelongated epidermal cells or 
must enter those cells through the mycelium with which they are infested. 
Mycorrhiza was observed in all the culture series of these experiments as 
well as in plants that grew for the same period in a bog. The bog plants, 
however, were much more heavily infected than any of the sand cultures. 
The minus-nitrogen series in general showed least infection, although a few 
individual plants in this series were heavily infected. 

The mycelium forms a branching mass over the surface of the young 
roots (plate XI, fig. 4), extending practically to the tip. Young hyphae are 
slender and colorless, older ones larger and brown. Branches of the my- 
celium penetrate epidermal cells, and within these cells form intertwined 
masses, as shown in plate XI, fig. 5, 

In general the root is similar to that described by Janse ( 4 ) for other 
species of Vaccinium, The internal structure is most readily observed in 
cross-section (plate XII, fig. 8). Beneath the epidermis, which consists of 
conspicuously large cells, lies a single layer of cortical parenchyma, and 
beneath this, the endodermis, which becomes thick-walled and snberized at 
an early age. The pericycle is one or two cells thick, and the protoxylem 
points are usually three in number, although there is some variation. My- 
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celium is plainly visible in the layer of cortical parenchyma, although its 
form is not so clear in fixed as in fresh material. Partial digestion of the 
mycelium may occur, resulting in the appearance in fresh material of gran- 
ular masses rather than of distinct hyphae. Mycelium has not been ob- 
served in the endodermis or in the stele of young roots; this finding is in 
accordance with that of Rayner (10) for Calluna. In older woody roots, 
however, it has been observed by both Dr. Eckerson and the present 
authors in the parenchyma of xylem and phloem. 

Stems of the plants that had received different cultural treatments 
showed greater differences than the roots. The minus-nitrogen (Series 3) 
plants grew so slowly that a relatively small portion of each stem was suc- 
culent, a relatively large portion woody and stored with starch. Such an 
accumulation of carbohydrates is not peculiar to the cranberry, but repre- 
sents the usual condition in plants in which vegetative growth is curbed by 
deficiency of nitrogen or of certain other elements. Also, the plants of 
Series 1 that received the highest concentrations of nitrate grew slowly and 
were high in carbohydrates. Otherwise the plants of the various series 
showed no significant differences in stem structure. 

The structure of a portion of a young stem is shown in plate XI, fig. 7. 
Strands of primary xylem are numerous, and cambial activity results in the 
formation of a continuous vascular cylinder, interrupted by uniseriatc 
rays. Just outside the sieve-tubes and companion cells of the phloem are 
several layers of thin-walled parenchyma and several layers of angular cells 
that gradually lengthen and become fibers, although never extremely thick- 
walled. These layers of parenchyma and fibers probably represent peri- 
cycle, although since an endodermis is not clearly distinguishable there is 
no demarcation between stele and cortex. The several layers of thin-walled 
cortical cells, some of which contain an anthocyanin pigment, are bounded 
by an epidermis that is rich in oil and is heavily cutinized. In the young 
stem, chloroplasts are located chiefly in cortical parenchyma and in medul- 
lary rays. Calcium oxalate crystals are common in cortical parenchyma, 
especially at the nodes, in the basal portion of axillary buds, and in the 
apical meristem. 

As the stem grows older, the outer regions are split off as a result of the 
activity of a cork cambium that is formed in the parenchyma directly ex- 
ternal to the phloem. Thus the fibers become the outermost layer, and as 
expansion continues they too are crushed and split off, and their place is 
occupied by cork. Further increase in diameter is slight, and a cranberry 
stem always remains relatively slender, although it becomes very tough 
and woody as lignification of the internal tissues takes place. Pith, xylem, 
and rays, all become very thick-walled and lignified as shown by their reac- 
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tion with phlorogluoin. The walls are distinctly pitted — pith and ray cells 
with simple pits, vessels and tracheids with pits of various types. Through- 
out the summer, cells of the pith, and to some extent those of the rays, were 
observed to contain large quantities of starch but very little oil. 

The leaves remain functional for more than one year, and as they age 
become somewhat tough and leathery because of the heavy cuticle and the 
large amount of mechanical tissue associated with the main veins (plate XI, 
fig. 6). The mesophyll is surprisingly loose, mth large intercellular spaces. 
During the summer both palisade and spongy cells usually contain large 
quantities of starch, as well as one or two globules of oil per cell. Oil is 
found in considerable quantity in the epidermis also. Calcium oxalate is 
conspicuous in terminal and axillary buds; in a mature leaf it is usually 
localized in the petiole and in the parenchymatous sheath that surrounds 
the veins. Stomata are confined almost entirely to the lower epidermis. 

The infection of shoot tissues of ericaceous plants by the mycorrhizal 
fungus of these plants was first described by Eayner (9) for Calluna 
vulgaris, and the discoveries have since been extended by her and several 
other workers to other plants, until such association of green plant and 
fungus has come to be regarded as a common condition in Ericaceae, al- 
though the details have been worked out for comparatively few plants. 

A recent paper by Rayner (11) describes in detail the distribution of 
the mycelium in the seed. The present authors have observed it in the 
ovary wall (plate XII, fig. 11) and in cells of the seed coat, but her more 
extensive researches have shown that it is present also in the endosperm 
of the resting seed. In the early stages of germination the tissues of the 
embryo become infected, and thereafter the infection of shoot tissues is 
assured. As cranberries are usually propagated by cuttings, mycelium is 
present in the stems when they are set out. 

Study of the endophytic fungus in the shoot tissues is rendered difficult 
by its extremely small size, and by the fact that it is easily broken and 
washed away. Moreover, not all parts of all shoots are infected, so that 
prolonged and careful examination under high magnification may be neces- 
sary in order to detect the fungus in its relation to the cranberry plant. 
In general, fresh sections either unstained or stained lightly with mercuro- 
chrome or with ruthenium red, proved superior to microtome sections. 
Young mycelium was found to stain readily with ruthenium red and with 
aniline blue, indicating a content of pectic substances and of callose respec- 
tively ; older mycelium did not take these stains. 

In the present experiments, plants from all the various culture series 
were examined for the presence of the endophytic fungus. It was found 
in all, but least abundantly in the minus-nitrogen plants (Series 3). In 
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August the mycelium was usually most easily observed near the tips of 
rapidly growing runners. It was noted in practically all the different 
types of cells of the young stem except epidermal cells, but was most con- 
spicuous in parenchymatous cells, especially of the pith (plate XII, fig. 9) 
and cortex. Usually some of the hyphae appeared to be in close association 
with the walls, but others extended into the protoplast. In cells that con- 
tained much mycelium, little or no starch was present and no chlorophyll. 
No starch grains >vere observed in the mycelium, but granules of glycogen 
were present, and at times globules of oil. Upon the addition of alcohol, 
crystals that were apparently glycine were also noted in the mycelium. 
Regardless of the concentration of nitrates in the external solution, no 
nitrates could be detected at any time in either the cranberry plant or its 
endophytic fungus. 

In April and May the brown-walled mycelium in the older part of the 
stem was much more easily observed than the colorless mycelium near the 
rapidly growing tips, but as the season advanced it became less and less 
conspicuous because of the partial or complete disintegration, as shown in 
plate XII, fig. 12. Such disintegration or “digestion’^ has been described 
and figured by Rayner (9) for Calluna, In old cranberry stems from 
both cultures and bogs the writers frequently observed dark masses of 
high stainability, especially in the conductive elements of the xylem and in 
the rays. In all probability they were phases of digestion of the fungus, 
for at no time could the writers detect the presence of other fungi such as 
those that are associated with the various diseases of cranberries. Dark 
masses, apparently similar to those just mentioned, were noted in leaves 
also, where they could be observed in greater detail. In leaves, however, 
they were in the mechanical tissue associated with the larger veins, rather 
than in the conductive elements of the xylem. Plate XI, fig. 6 and plate 
XII, fig. 10 show them as they appeared in cross and longitudinal section 
respectively. The smaller cells seemed to be entirely filled, whereas in the 
larger cells the masses were more open and apparently vacuolate. During 
the latter part of the season these dark masses were the only evidence of 
fungous invasion that could be noted in the leaves. 

Discussion 

A cranberry plant is thus in intimate association with an endophytic 
fungus. There are three possible methods of infection: (1) infection of 
young roots from external mycelium present in the soil, (2) infection of 
seedlings from tissues of the seeds at the time of germination, and (3) 
infection of plants propagated by cuttings from mycelium in the tissues of 
the cutting. 
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The nutritional physiology of such a complex offers many problems. It 
is said ( 2 , 8 ) that Phoma radicis is capable of nitrogen*fixation, but the 
amount is small, and in these experiments proved entirely inadequate to 
support vigorous growth of the host, as shown by the poor growth of the 
plants of the minus-nitrogen series (Series 3). 

In their natural state cranberries and many other ericaceous plants 
usually grow in soils that are conspicuously low in nitrates. In contrast 
to the general belief, the authors found by chemical test that a sample of 
bog soil may retain nitrates for several months after the addition of nitrate 
fertilizer. The fact remains, however, that under ordinary growing con- 
ditions the available supply of nitrates is very low. 

Analysis of fig. 2 indicates that within the nitrate series (Series 1), 
smallest amounts of vegetative growth were associated with highest con- 
centrations of calcium nitrate. Presumably the high concentration of the 
nitrate ion was a limiting factor. It is possible that the high concentration 
of calcium was toxic, but this seems unlikely, in view of the fact that al- 
though the minus-nitrogen (Series 3) plants received a relatively high 
concentration of calcium, they grew luxuriantly as soon as nitrogen in the 
form of ammonium sulphate was added. It also seems unlikely, from 
examination of fig. 2, that the poor growth of high-nitrate plants was 
caused by inadequate concentrations of either of the other two salts. 

Although an excess of nitrate was directly or indirectly injurious, 
smaller amounts promoted growth. Nearly all of the plants of Series 1 
exceeded in amount of runner growth similar plants that had grown for 
the same period in a bog. Moreover, when minus-nitrogen plants were 
supplied with a nutrient solution containing nitrates they showed appre- 
ciable increase in vegetative vigor, although recovery was slow. In these 
cultures ammonia was not present in the sand in quantities sufficient for 
detection by macrochemical methods. 

As stated above, nitrates could not be detected at any time in either the 
cranberry plant or its endophytic fungus. An attempt was made therefore 
to determine whether at low temperatures nitrates might be absorbed but 
not assimilated. Such a condition is kno'wm to exist for asparagus (7). 
Cranberry plants were kept at temperatures of 2° C., 5® C. and 10® C. 
respectively for periods ranging from 8 to 48 hours. At no time could 
nitrates or nitrites be detected microchemically. When the plants were 
returned to higher temperature they resumed vigorous growth and were 
apparently uninjured by the treatment. It would thus seem that the 
absence of nitrates in cranberry plants is not associated with their rapid 
assimilation within the plant. In a consideration of this problem, the 
results of Dr. Bckebson^s experiments on reducase activity are significant. 
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Throughout the period of active growth, she made tests of various parts 
of plants, from both sand cultures and bogs. The extracted juice of even 
the finest roots contained only faint traces of material capable of reducing 
nitrates to nitrites. In a sample of older plants that were heavily infected 
with the endophyte, a trace of reducase activity could be detected. Results 
to date are too fragmentary to justify any conclusions as to the changes 
that take place between the initial absorption of nitrates, if such occurs, 
and the subsequent growth of new tissues. 

It is significant that in amount of vegetative growth, plants of the 
ammonium series (Series 4) far exceeded those of the two nitrate series 
(Series 1 and 2), although they were started four weeks later. The intake 
of ammonium and its rapid passage through the plant were followed by 
means of Nessler’s reagent and by the formation of crystals of ammonium 
chloroplatinate. Results of the present experiments suggest the ammonium 
sulphate in itself is not toxic to cranberry plants, although several field 
trials in New Jersey (1, 12) have indicated that under certain conditions 
it may not be used successfully as a fertilizer in cranberrj^ bogs. Before 
definite conclusions can be reached, further experiments should be con- 
ducted with several different ammonium salts in several different concen- 
trations, in cultures of several different degrees of acidity, and the results 
of these experiments should be correlated with those of further field experi- 
ments. 

In the experiments described on page 657 it was found that dried blood, 
a commercial fertilizer that has a high content of organic nitrogen, stimu- 
lated practically as much vegetative growth as did ammonium sulphate in 
the concentration employed. Although it is impossible to state what 
changes took place between the time that organic nitrogen was applied to 
the culture and the time that nitrogenous compounds were absorbed by the 
plant or the mycorrhiza, it is interesting to note that analysis of sand from 
these dried blood cultures showed the presence of appreciable amounts of 
ammonium and amino nitrogen, but only traces of nitrates. It should also 
be noted that ammonia was found to be present in the sand of the cultures 
to which amino acids had been added. 

It would thus seem from these preliminary experiments that ammonium 
sulphate can be used to promote vegetative growth of cranberry plants. 
Further experiments may sho^v that the growth responses are modified by 
variations in acidity and other environmental factors. To what extent the 
green plant is aided by the endophytic fungus in the absorption and utili- 
zation of nitrogen has not yet been determined. 

Summary 

1. Cranberry plants were grown for several months in sand cultures 
supplied with nutrient solutions containing nitrogen in the form of nitrate 
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and ammonium respectively, and with a nutrient solution lacking in all 
forms of nitrogen. All except the minus-nitrogen series produced runner- 
growth exceeding that of similar plants grown in a bog. 

2. Plants of the ammonium series produced noticeably greater runner- 
growth than those of the nitrate series. 

3. Low concentrations of nitrate promoted vegetative growth, but 
high concentrations produced little growth under the conditions of these 
experiments. 

4. Mycorrhiza was found in the cultures of all series, but least in the 
minus-nitrogen series. 

5. The small amount of vegetative growth in the minus-nitrogen series 
indicated that if nitrogen-fixation by the endophyte {Phoma radicis) 
occurred, it was quite inadequate as a source of nitrogen for the cran- 
berry plant. 

6. Mycelium of the endopliyte was found throughout the stem system 
of the plant, including fruits and seeds. 

7. The mycelium forms a branching mass over the surface of the cran- 
berry roots, which are very small and lack root hairs. Hyphae penetrate 
the epidermis and cortical parenchyma, and form mycelium in the cells. 

8. In the stem, mycelium is most abundant in parenchjTuatous cells, 
especially of pith and cortex. It may be confined chiefly to the walls or it 
may be found throughout the protoplast. Oil and glycogen are often 
present in the fungus. 

9. Nitrates could not be detected in either cranberry plant or endophyte 
at any time. 

10. Experiments with organic nitrogen strengthen the conclusion that 
ammonium nitrogen can be utilized by the cranberry plant. The extent to 
which the endophytic fungus is concerned in the nitrogen-metabolism of 
the cranberry plant has not yet been determined. 

The authors wish to acknowledge with sincere gratitude the counsel and 
active help of Dr. 6. T. Nightingale throughout the progress of the 
experiments. 

Horticulture Division and Cranberry Sub-station, 

New Jersey Agricultural Experiment Station, 

New Brunswick, New Jersey. 
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EXPLANATION OF PLATES 

All drawings were made with the aid of projection apparatus, from fresh material 
except as otherwise noted. 

PlATE XI 

Fig. 4. External view of portion of root, showing mycelium on the surface, x 106. 

Fig. 5. Portion of root, showing mycelium. Large hyphae are on the surface of the 
root, small ones inside the epidermal cells, x 480. 

Fig. 6, Cross section of portion of leaf. 

ct = cuticle 

g = granular material in cells of mechanical tissue 
m = spongy mesophyll 

This drawing was made from a prepared slide, x 180. 

Fig. 7. Cross-section of portion of young stem, x 180. 
ct = cuticle 

c = mycelium in cell of cortical parenchyma 
f = fiber 
ph = phloem 
cm =:cambium 
X = mycelium in xylem 
p = mycelium in cell of pith 
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Plate XII 

Pig. 8. Cross-section of young root. 

ep = mycelium in epidermal cell 
en = endodermis 

c = mycelium in cell of cortical parencliyma 
px = protoxylem point 

This drawing was made from a prepared slide, x 180. 

Fig. 9. Mycelium in cells of the pith of a young stem, x 480. 

Fig. 10. Cells of the mechanical tissue of a vein of a leaf, in longitudinal section, 
g = granular material 

Fig. 11. Mycelium in cells of the ovary wall, x 480. 

Cells from the pith of a stem, showing stages in disintegration of the mycelium. 
x480. 


Fig. 12. 
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EFFECT OF CUTTING AND FERTILIZEE APPLICATIONS 
ON GRASS DEVELOPMENT^ 

Caki\kb H. Hakbisoit 
(with thbee figures) 

Introduction 

The production and maintenance of turf on golf courses must take into 
consideration the varied uses to which the several.parts of such a course 
are put. The ground cover of the “putting greens,” “fairways,” and 
“rough” differs markedly. The turf of the putting greens should be of 
such a density, height, and quality that a golf ball will roll evenly and 
smoothly over its surface. These characteristics, furthermore, must be 
maintained throughout the entire playing season even though the blades 
may be clipped daily to approximately three eighths or even three six- 
teenths of an inch in length. The fairway turf should consist of grasses 
whose blades stand firmly and stifBy upright so that they will hold a golf 
ball up on their ends, “teeing” it up for the next shot. The fairway is 
usually bordered by the rough. As the name implies, the grasses which 
compose it are permitted to grow longer ; often those of a bushy or tufted 
nature are included. 

Much difference of opinion prevails as to the best treatment of turf to 
secure a desired result. Factors in the environment coupled with the 
treatment to which the plants are subjected not only determine the kind 
or kinds of plants that can be grown, but also influences the growth pro- 
duced by them during any given season. 

Precise methods for the production and maintenance of desirable turf 
on the fairways of the modern golf course have not been developed. Short 
cutting of the grass on the fairways during the playing season is gen- 
erally practiced. At times, it is cut to approximately one half inch. The 
closer the grass is clipped, the longer will be the intervals between the time 
of cutting and the time when the grass is long enough to prove troublesome 
to the game. Lengthening the intervals between cuttings results in a 
material saving in operative costs. In most instances some practice of 
fertilizing in addition to the cutting of the grass is necessary. These 
practices may in extreme instances be quite as harmful as beneficial to the 
growth of the grass. In fact it is easily possible to weaken or even kill 
grass by certain treatments, so that the ground is either left devoid of plant 
life or becomes covered with undesirable plants. 

1 Contribution from the Hull Botanical Laboratory, the University of CSiieago, under 
a fellowship granted by the United States Golf Association Greens Section. 
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Much difficulty is encountered from the prevalence of low growing 
weeds, clover, and coarse summer grasses under close cutting treatments 
given the fairways, whereas the rough which is generally left uncut for 
longer periods of time or cut higher, is relatively free from such troubles. 
Also the rough usually stays green and thick after the fairways have become 
dry and sparse. 

It would seem probable, therefore, that if the fairways could be cut in 
such a manner that a greater amount of leaf surface could be left than is 
true with the usual close cutting treatment, they too would remain in 
better condition. This result might be accomplished either by cutting the 
fairways close and less frequently, or by cutting frequently with the mow^er 
raised. The first method might prove troublesome because of the length 
which the grass would attain during intervals between cuttings, whereas 
the second would be feasible since it would provide a suitable playing sur- 
face and yet prevent serious injury to the grass because of too close 
clipping. 

Some of the obvious detailed problems connected with the maintenance 
of grass turf are, (3) What response, relative to the quantity and quality 
of new growth, will grass plants exhibit after being cut at different 
heights? (2) Do the different species and varieties of grass respond 
similarly to any given treatment with respect to both the top and root 
growth produced? (3) What effect will cutting have upon the amount 
and length of root systems produced? (4) How do the treatments affect 
the ability of the plants to extend themselves vegetatively ? (5) What are 

the effects of various fertilizer treatments on the amount of top growth 
produced by the plant in relation to the amount of such growth removed 
or allowed to remain? 

In this investigation, solutions to certain of these problems were sought. 
The particular studies and experiments undertaken had to do with (a) the 
effect of frequent cutting to three different heights, one-half inch, one and 
one-half inches, and three inches upon the development and the dry weight 
of the roots produced; (b) the effect of cutting combined with fertilizing 
upon the length of roots produced; (c) the external structural responses 
of the grass to cutting and fertilizing as they relate to the quantity and 
quality of the turf; and (d) any anatomical variations which might be 
brought about by cutting, or fertilizing, or a combination of both. 

Although considerable work has been done on agronomic herbaceous 
plants with respect to frequency and time of cutting, and with respect to 
the effect of fertilizer applications on the yield and permanence of stand, 
there are virtually no detailed records of experiments dealing with fairway , 
maintenance. 
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As early as 1879 Lawes and GiiiBBRT (16) found that various fertilizers 
greatly affected the relative numbers of different species of herbaceous 
plants present in a permanent meadow. Nitrogenous fertilizers, in gen- 
eral, favored the growth of grasses and reduced all other plants to a 
minimum, while the absence of nitrogenous fertilizers enhanced the growth 
of leguminous and other miscellaneous species. They also found that when 
nitrogen alone was used, the yield was increased considerably the first ten 
years of the experiment but dropped almost to the level of the checks the 
second ten years. Kosinski (12) and Godlewski (6) showed that the 
addition of nitrogen salts to plants restricted the growth of roots in length 
and favored the growth of the stems. Godlewski further showed that pres- 
ence of sugar in a nitrogen free solution favored the growth of roots. 
Harris (11) found that wheat grown to maturity without fertilizer had a 
greater proportion of roots to tops, but where a nitrogenous fertilizer was 
added top growth was greater in proportion to the roots though the total 
root growth was greater in the latter ease. Green (9) noted that in gen- 
eral frequent cuttings induced quick growth. Kraus (13), Albert (1), 
and McKee (16) found that clipping of the tops of herbaceous plants 
retarded root development. Salmon et al. (28) found that cutting alfalfa 
at immature stages thinned the stand and lowered the yield. Gregory 
(10) and Crist and Stout (3) stated that there appears to be a reciprocal 
effect between tops and roots of plants. Waters (29), Nelson (17), and 
Aldous (2) showed that cutting frequently or cutting at immaturity 
depleted the reserves in the roots of herbaceous plants. Nelson also found 
a slow recovery after cutting, lower yields, and increased weed infesta- 
tion, besides an increase on the plants of crown buds, shoots, and main 
stems, as a result of early and frequent cutting. 

Graber et al. (7), Sturkie (28), and Pierre and Bertram (19) 
showed that the underground parts of alfalfa, Johnson grass, and kudzu 
could be reduced in weight below what they were at the beginning of the 
experiment by frequent and close clippings, and that the amount of reduc- 
tion was associated with the severity of the cutting. Pierre and Bertram 
found with kudzu that the roots of plants cut six times per season decreased 
in weight during a period of two years, those from plants receiving four 
cuttings increased about 150 per ceijt., those receiving two cuttings, about 
400 per cent., and those receiving one cutting, about 1250 per cent. The 
percentage of reserve starch and nitrogen was found to be less than one^ 
half as much in the roots of plants receiving six cuttings as in those of 
plants receiving four or fewer cuttings. The percentage of total sugars, 
however, was found to be greater. This was takmi as an indication that a 
change from starch to sugar was taking place in the roots of plants receiv- 
ing six cuttings, in order to produce new top growth. Fitts ( 4 ), working 
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with the fine turf grasses, found that the length of roots increased in rela- 
tive proportion to the height to which the tops had grown. When the 
grass was surface fertilized, in order to produce a good turf, the roots were 
short, but when the grass was starved, the roots were longer and the turf 
was poorer. Fagan, Milton and Provan (6), in treating a mixture of 
grasses, grown from seed, with nitrate of soda, noted in the first harvest 
year that the response to the fertilizer was greater in the case of the grasses 
than of the clovers. This, coupled wdth the late growth of the clover, 
resulted in the latter, under most conditions of the investigation, being 
shaded and smothered by the grass. When the grass was cut at weekly 
intervals, the weight of clover in the total growth produced was equal to 
the weight of Italian rye grass (the most prominent grass). The yield of 
dry matter from the same area was much greater under a monthly system 
of cutting than under a weekly one. Stapledon and Beddows (26), using 
orchard grass, concluded that repeated cuttings during the current season 
produced considerably less than the amount of a hay and aftermath crop. 
Repeated cutting reduced the root systems of the plants and retarded the 
growth produced early in the following spring. The pasture propagants 
gave as much as a 30 per cent, decrease in the amount of roots produced 
when compared with the hay plants and in some cases the difference 
amounted to 100 per cent. There was a wide response range to continued 
cutting in the pedigreed strains. Some resisted the treatment in a manner 
quite superior to that of others and showed only a slight reduction in roots. 
The plants with the highest yield did not necessarily have the heaviest root 
systems, but the nine highest yielding had roots somewhat heavier than 
the nine lowest yielding. Super-phosphate was without material quantita- 
tive or qualitative effects on root development, or on the stem to leaf ratio 
in the hay, aftermath, or pasture. Neither super-phosphate nor sodium 
nitrate alone was able to counteract the depressing influence of continued 
cutting. 

Ream (20), Stapledon (24), Stapledon and Milton (27) and Staple- 
don and Davies (26) found that root, tiller, or rhizome development and 
yield of the grasses studied were associated with the cutting treatment. 
The more drastic the cutting treatment, as measured by amount and fre- 
quency of defoliation, the less was the yield of roots, rhizomes and tops. 
The addition of nitrogenous fertilizers augmented the amount of yield of 
plant parts with a few exceptions where the cuttings were very short and 
frequent. 

During the last fifteen or more years, several investigators have shown 
that chemical studies were pertinent to growth relations. Kraus and 
Kraybha^ (14), Nightingale (18),mnd Reid (21) have pointed out some 
apparent relationships between growth responses of plants and plant parts, 
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and the carbohydrate reserves and nitrogeno^ compounds within them. 
Weltok et ah (SO) showed that the mowing of Canada thistles delayed 
organic food storage, resulting in a killing of the weaker plants. The more 
frequently the thistles were mowed, the more eflEective was the eradication. 
Bbid (22) showed that the relative amounts of carbohydrate to nitrogen 
compounds stored in seeds affected the ratio of tops to roots in the seedlings 
and that added nitrogen did little to augment growth unless light conditions 
were favorable for carbohydrate synthesis. Qraber (8) stated that fre- 
quent and close removals of the top growth of grasses having abundant 
reserves made for a heavy draft on the supplies of available nitrogen, so 
that the first limiting factor in growth might be nitrogen deficiency, but 
when regeneration was constantly stimulated by abundant mineral fertiliz- 
ers, especially nitrogenous ones, the carbohydrate reserves were rapidly 
used with slight opportunity for replenishment and, as a result, they often 
became the principal factors limiting growth. 

Experimental data 
Experiment"! 

Materials and methods. — Preliminary greenhouse tests were made on 
three grasses in the spring of 1929. Three common golf course grasses 
were selected for the work, namely, Kentucky bluegrass {Poa pratensis), 
red fescue (Pestuca rubra), and Colonial bent (Agrostis capillaris). The 
flats in which the grasses were grown were twenty-two inches long, fifteen 
inches wide, and two and one-half inches deep. They were filled with a 
good grade of black top soil. The seed was sown at the following rates: 
Kentucky bluegrass, 1.91 grams per flat; Colonial bent, 1.43 grams per 
flat ; and the red fescue, 2.86 grams. These rates correspond to 2.0 pounds, 
1.5 pounds, and 3.0 pounds per thousand square feet respectively. 

The seed was sown on March 13th, the experiment was set up in tripli- 
cate, and the cutting treatment was started April 15th. The grass was 
cut to three heights, one-fourth inch, one and one-half inches, and three 
inches. In addition three flats of each grass were clipped short and am- 
monium sulphate was added on April 30th and May 22nd. The first appli- 
cation was made at the rate of two pounds per thousand square feet and 
the second at the rate of seven pounds per thousand square feet. The 
grass in all of the flats was cut sixteen times between April 15th and 
July 5th. 

Beginning July 5th, the grass roots were washed from the soil with as 
much care as possible. The roots were distinctly matted in the grass cut 
to the higher levels, but this was not true of the most closely clipped flats. 

Results. — T he results are recorded in table I in grams per square foot 
of surface area. 
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TABLE I 

WWGHT OP ROOTS IN GRAMS PER SQUARE FOOT OP SURPACE AREA 


Variety 

Red pescus 

Bluegrass 

Colonial bent 

Treatment I 

Green 

Dry 

Green 

Dry 

Green 

Dry 

WEIGHT 

WEIGHT 

WEIGHT 

WEIGHT 

WEIGHT 

WEIGHT 


gm. 

gm. 

gm. 

gfn. 

gm. 

gm. 

Short cut, i inch 

6.8 

1 1-4 

8.5 

1.6 

13.8 

2.1 

j 

Short cut, i inch and am- 
monium sulphate 

1 1 

4.3 , 

1 

1.0 

1 6.8 

1.3 

Kil 

led 

Medium cut, 1.5 inches ... 

51.6 

8.6 1 

36.3 

7.5 

29.4 

5.0 

Long cut, 3 inches | 

78.0 

13.7 

! 61.0 

11.7 

59.1 

7.7 


Table I indicates that there is a considerable difference in the amount 
of roots produced as a result of the different cutting treatments and also 
by the different grasses. The root systems of the bent grass which was 
cut short weighed nearly double that of either of the other two grasses 
receiving the same treatment. The percentage increase in roots between 
plants when cut at three different heights is large and indicates a direct 
correlation between the amount of top growth and the amount of root 
growth produced. 

The character of the response of the short clipped bent grass that was 
fertilized to the combination of a heavy nitrogenous fertilizer and shading 
of the greenhouse was interesting. The grass had been growing in a green- 
house that was not shaded. Until the greenhouse was covered to cut down 
the light, these flats were a beautiful green, while the flats having no 
nitrogen, and clipped short, were yellowish in color. No later than three 
days after the shade mixture had been applied to the greenhouse roof, the 
heavily fertilized grass rapidly took on a scalded appearance until only 
the plants near the sides of the flat showed a healthy green color. In the 
meantime, the grass that was clipped short and that had received no nitro- 
gen turned from a yellowish color to a dark green. The plants which 
appeared scalded died and after examination of the material their death 
could not be attributed to fungus troubles. Appearing as it did about a 
. week after a heavy fertilization with nitrogen and a decrease in the light 
intensity, it was thought that possibly in the absence of sufficient manufac- 
tured carbohydrates, the nitrogen was toxic and brought about the scalded 
condition. 

Experiment II 

Greenhouse experiment with Kentucky bluegrass and red fescue. — 
Because the flats used in the first experiment were too shallow to allow the 
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Fig. 1. Photograph showing bulk of roots produced by different grasses when cut to 
three heights and when nitrogen is added to short cut grass. 

Upper row: Kentucky bluegrass. Beading left to right: cut long, cut medium, 
cut short, and cut short plus nitrogen. 

Middle row: Bed fescue. Treated same as bluegrass. 

Lower row: Colonial bent. Treated same as bluegrass. Boots from the grass 
plants that were fertilized and clipped short are missing because the grass 
killed. 

roots of the plants to grow downward and because they dried out too rap- 
idly, another experiment was begun in the fall of 1929 to duplicate in part 
and vsupplement in some features the preliminary study. 

Materials and methods. — ^Wooden boxes of approximately one cubic 
foot volume were obtained. These were filled with a mixture of eight parts 
of black soil, two parts of quartz sand, and one part of leaf mold. The 
soil was sifted to remove large particles of organic material and gravel. 
The seed was sown on September 25th. 

Fertilizer applications were made once per month during January, 
February, and March. The applications consisted of the following: 

1. Nitrogen, 1.12 grams of ammonium sulphate. 

2. Nitrogen-phosphorus, 1.12 grams of ammonium phosphate. 

3. Nitrogen-potassium, 0.85 grams of potassium nitrate plus 0.57 grams 
of ammonium sulphate. 

4. Nitrogen-phosphorus-potassium, 1.12 grams of ammonium sulphate 
plus 1.15 grams of monobasic potassium phosphate. The amount of nitro- 


TABLE II 

D&Y WEIOBT OF BOOTS IN OBAHS PER SQUABE FOOT FOB THE DIFFERENT CUTTINGS AND FEBTILIZEB TREATMENTS IN KENTUCKY BLUEGRASS 

AND BED FESCUE 
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Weight of roots of the flats from which the photographs were obtained. 
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gen added to the grass in each flat was the same regardless of the salt used. 
The experiment was set up in triplicate. 

Beginning November 7th the plants were cut and the cutting continued 
each week thereafter until the close of the experiment. Fifteen flats of 
each species of grass were cut to one-half inch, fifteen to one and one-half 
inches, and fifteen to three inches. AH clippings were removed from the 
flats. Beginning April 21st the soil was washed from the roots. The dry 
weight of the roots was recorded, the results being given in table II. 

From table II it is obvious that the cutting heights made considerable 
difference in the amount of roots produced and that very little can be said 
in favor of the fertilizer treatments with respect to root growth. More 
difference is apparent between the triplicates of a certain treatment than 
between treatments. 

Besides weighing the roots produced by the different treatments, it was 
thought advisable to select a flat of grass of each of the three cutting heights 
where the best top growth was obtained from which to get photographs 
of the height of cut, the density of the turf, and the length and amount 
of roots produced. The complete fertilizer gave what appeared to be the 
best top growth at all three heights. The fescue was selected likewise. The 
rhizomes were carefully picked out of the three fertilized bluegrass flats, 
and likewise out of three check flats, and the oven dry weight was recorded 
as in table III. 

TABLE III 


Teeatments 

Total dry weight op 

RHIZOMES PER FLAT 

Bluegrass — clipped long, potassium phosphate and ammonium 

gm. 

sulphate 

0.726 

Bluegrass — clipped long, check 

0.594 

Bluegrass — clipped medium, potassium phosphate and ammo- 


nium sulphate 

0.400 

Bluegrass — clipped medium, check . 

0.225 

Bluegrass — clipped short, potassium phosphate and ammonium 


sulphate 

0.018 

Bluegrass— -clipped short, check 

0.008 


Many more rhizomes were produced by the grass cut high than by that 
cut to a medium height, and decidedly more were produced by the grass 
cut to a medium height than by that cut short. In fact, very few of the 
plants in the short cut flats had visible rhizomes. 

Sections were cut of representative plants selected from the cheeks and 
from those receiving nitrogen, in the three cutting heights. This was done 
on both the fescue and the bluegrass. Nothing could be noted from the 



678 


PLANT PHYSIOLOGY 



Fig. 2. Three bluegrass flats to which a complete fertilizer had been added, showing: 
above, the height of cut; middle, the turf produced at those heights; 
and below, the mass and length of roots produced. 

slides that was not apparent in the external structure of the plants. It 
was observed that the shorter cutting of the fescue induced much more 
tillering than was the case in those cut longer. The grass cut to a medium 
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Fio. 3. Three fescue flats to which a complete fertilizer had been added, showing: 
above, the height of cut; middle, the turf produced at those heights; 
and below, the mass and length of roots produced. 

height had stiffer and more upright leaf blades than that out long, the loz« 
cut plants having a tendency to lop over. This was probably due to length 
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of blade rather than to a difference in the anatomical structures of the two. 
The plants clipped short tillered more than those cut to a medium height, 
but the leaf blades were not nearly so stiff. The grass cut to a medium 
height would hold up a golf ball, while neither of the others would do so. 
None of the cutting treatments appeared to result in a thinning of the 
fescue turf. The grass in the check flats could be picked out late in Feb- 
ruary after a period of bright weather, and there was also a difference in 
length of top growth in favor of the fertilized grass. The bluegrass, on 
the other hand, killed considerably when clipped short, that with the 
medium cutting height produced a good turf with stiff leaf blades, and 
that cut long produced a turf that lopped over as did the fescue which 
was clipped high. The effect of the nitrogen on the bluegrass was not 
apparent until late in February after the second fertilizer application. All 
the grass had been a dark green color until this time when the weather 
became bright and clear as contrasted with the cloudy, sunless period pre- 
ceding it. During these sunny days, the checks in all three cutting heights 
turned a greenish yellow while the grass in the flats receiving nitrogen 
remained a dark green. Between cutting periods, the grass clipped long 
receiving nitrogen grew approximately three inches, while that in the 
checks grew one inch. The medium cut grass showed the same response 
but to a less degree, the growth in height being about two inches in the 
fertilized flats of grass as compared to three quarters of an inch in the 
checks. In the flats of grass cut short and fertilized, the plants sent up 
one spindly blade, the turf thinned out badly, and it appeared as if the 
nitrogen was harmful here because the grass in the check flats did not thin 
out or have this spindling habit of growth. 

It was noted that the shorter the clipping treatment the smaller the 
subsequent plant parts became. The roots were finer and shorter and the 
leaf blades were narrower and shorter. The growth in height corre- 
sponded to the size of the plant. The plants in the check flats, regardless 
of the cutting height, appeared to be storing carbohydrates as evidenced 
by a yellowish green color of their leaves when compared with the darker 
green color of the leaves of the plants receiving nitrogen. This might 
possibly indicate that as the severity of the cutting treatment increased, 
the new roots produced by the plant became fewer, shorter and finer. Thus 
a gradual adjustment between the amount of top growth and root growth 
took place, the final result being that in no case was the root system suflS- 
ciently extensive to gather enough nitrogen to prevent carbohydrate storage. 

Summing up the general observations, it appears as if the nitrogen had 
resulted in increased top growth in all cases except the short clipped blue- 
grass. The fescue which was cut short tillered more than that cut long. 
That cut at a medium height, however, had the most desirable leaf blades 
from a golf course view-point. 
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The foregoing data show that the shorter the grass was clipped, the 
fewer roots were produced. It has been shown by several workers that 
frequent removal of top growth influenced the subsequent yield of tops, 
lessened the carbohydrate storage, and if the clipping were severe enough, 
no carbohydrates were stored. It has also been noted that when the tops 
are severely clipped, the weight of the root systems may be reduced below 
the initial weight at the start of such treatment. Lessening the leaf area 
resulted in the production of fewer, smaller roots than was the ease when 
the treatment was not so severe. The size of the successive leaves produced 
by the plant depended on the cutting treatment : the more severe the treat- 
ment, the smaller they became. As the clipping treatment became more 
and more severe, generally less and less leaf area was left to manufacture 
carbohydrates, which are necessary both for the growth of roots and for 
subsequent top growth. 

Eemoval of photosynthetic surface can be carried to such an extreme 
that the grass plant is weakened to such a degree that it can no longer 
survive either drouth, disease, extremes of heat or cold, or the competition 
of plants which have growth characteristics enabling them to escape the 
close clipping by tillering, or by growing almost flat on the surface of the 
ground. These plants, such as white clover, dandelion, crab grass, knot- 
weed, and i)lantain, retain sufficient leaf area to maintain themselves under 
clipping practices which are very detrimental to the growth of upright 
growing grasses such as Kentucky bluegrass. Bluegrass continues to grow 
erect, and the new chlorophyll bearing tissue is continually cut off as it is 
produced. Field observations as well as greenhouse studies show that 
Kentucky bluegrass cannot maintain itself under ordinary field conditions 
if it is cut shorter than three-quarters of an inch more frequently than 
once each week. The plants extend themselves very little vegetatively 
when these practices are followed. The rhizomes formed are few in num- 
ber and grow very slowly. If the grass is allowed to grow longer or is cut 
less frequently, there is sufficient production of rhizomes to insure good 
perennial turf, and besides, the undesirable plants are kept hidden or are 
crowded out by the vigorous growth of the grass. Even among the dif- 
ferent grasses, there are species that can maintain themselves where others 
are killed by the short and frequent clipping. Most of the vegetative and 
seeded bent grasses that are in use today for turf purposes produce consid- 
erable chlorophyll-bearing tissue near the surface of the ground in such a 
manner as to escape close clipping. It is this characteristic that makes 
them valuable for the putting greens. Red fescue tillers when cut short, 
and produces many leaves close to the ground away from the mower blades. 
Therefore it is able to withstand more severe cutting than grasses which 
do not have this habit of growth. 
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The relationship that exists between carbohydrates and nitrogen in 
plant nutrition has been pointed out by workers in the field, and it has 
been shown that an application of nitrogen is of little use in subsequent 
growth unless the plant has an available supply of carbohydrates or is 
capable of manufacturing it. An excess of mineral fertilizer cannot take 
the place of carbohydrates in plant growth. The appended data show in 
general that root growth will not respond to fertilizer applications if the 
ability of the plant to manufacture carbohydrates is impaired by short 
clipping. The mowers should be raised on the fairways where the cutting 
treatment is proving dangerous, and cutting should be discontinued in the 
fall as early as possible in order that the plants may store foods for use 
during the season of short and frequent clipping. 

Summary 

1. Clipping at different heights affected the amount of roots produced 
on the grasses studied. The shorter the grass was cut and the more the 
leaf area was reduced, the smaller was the quantity of roots produced. 

2. Grasses having different growth characteristics responded differently 
to the cutting treatments. The fescue tillered more when cut short than 
when cut long, and the bluegrass produced fewer rhizomes when cut short 
than when cut long. 

3. Mineral fertilizers did not compensate for a lack of top growth in 
the production of roots. 

4. The killing of the grass was not due to a cutting off of the buds, but 
to a gradual carbohydrate starvation to a point beyond which the plants 
could not maintain themselves. 

5. The addition of nitrogen brought about an increase in top growth, 
but the weight of roots was not increased over that of the roots of the 
unfertilized grass. 
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EFFECT OF X~IRBADIATION UPON GROWTH AND REPRO- 
DUCTION OP TOMATO* 

Edna Louise Johnson 
(with three figures) 

Experimentation (2) has shown that plants differ in the way that they 
react to X-ray exposure. The tomato, Lycopersicum esculentum, is less 
affected by the action of these rays than are some other species. Since in a 
preliminary study seeds given a medium dose produced plants which 
appeared normal in all respects, all later irradiation was made directly on 
the seedling. 


Materials and methods 

Seven different sets of experiments (series I~VII) were carried on, in 
most of which the John Baer variety of tomato was used. In the first three 
series irradiation was carried out when the plants were from 1 to 3 centi- 
meters in height ; in the fourth, three medium doses were given at two-week 
intervals, — ^at a time when the plants seemed to be recovering from the 
effects of the previous dose. In the last three groups, the plants were not 
exposed until small buds had formed. 

The general procedure was to plant seeds in 5-ineh pots in the green- 
Jiouse. The plants of the first three series were irradiated before the true 
foliage leaves had developed. Soon afterwards these seedlings and an equal 
number of controls were transplanted to larger pots where they grew to 
maturity. Plants of series V, VI, and VII were transplanted at an early 
age but were not irradiated until small buds had formed. 

Irradiations of the first five groups were made with a Victor X-ray 
machine with the following ‘‘set-up”; 5-inch spark gap, 5 milliamperes cur- 
rent, no filter, distance 30 cm., time from 20 to 30 minutes. For the last 
group, an Acme machine was used with the potential 90 K.V., 5 milliam- 
peres current, no filter, distance 30 cm., time 20 minutes. 

Results 

Effect on the leaves of new growth 
The first noticeable effect on the plant is a peculiar warty or pebbly ap- 
pearance of the young foliage leaves which is evident soon after irradiation. 
As the leaves grow older, they show light green areas intermingled with 
the ordinary green thus giving a mosaic or variegated aspect. Microscopic 
* The latter part af this study was made possible by means of a grant from the 
Committee on the Effects of Radiation upon Liying Organisms’^ of the Nntional Be* 
search Council. Grateful acknowledgement is made to the Physics Department of Uie 
University of Colorado and to the Boulder X-ray Association for radiation of plants. 
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examination of the leaves indicated that there had been an interference 
with the normal development of palisade and spongy parenchyma. The 
walls of the palisade cells particularly seemed to lack distinctness of out- 
line. The chloroplastids appeared contracted and more blue-green in color 
than did the plastids of the controls. 

The cotyledons remained entirely normal, but marked leaf abnormalities 
were evident in young tissue developing after irradiation. In many cases, 
for half the length of the leaflet, the blade on one side was absent. Leaf- 
lets were often twisted for one-half or one-third of their length. Fusion of 
leaf parts was common. Often the widened base of the lea^et grew to the 
main rachis so that no petiole at all was present. One case was noted 
where a lateral leaflet showed the tip edges attached together to form a 
cup-like structure. The edges of the leaflets were sometimes grown to the 
main rachis or with adjacent leaflets. In some cases marked leaf anomalies 
were not evident, but one could always distinguish irradiated plants by the 
pebbly appearance of the young leaves. 

Changes in growth form 

A change in the general aspect of the entire plant, resulting from greater 
development of lateral branches is another condition noticeable in every 
group of tomato plants given medium dosage. A special study of this trait 
was made in series IV, V, and VI. In series IV, the dose was repeated 
twice at approximately two-week intervals. The last dosage was given 
when the buds had formed. Earlier experiments (2) had established the 
fact that immediately after irradiation with a dose of medium strength, a 
growth depression occurs w^hich later tends to disappear. Those employing 
X-rays for therapeutic purposes find that a similar condition holds true 
for a treatment of human diseases. The dose is repeated between the second 
and third week, as the effects of the treatment usually disappear by the end 
of the third week. It seemed desirable to compare effects produced by 
giving doses to plants at various intervals with the results produced by a 
single exposure at the budded stage. Series IV was given three medium 
doses at intervals while the plants in series V, VI, and VII received but one 
each at the time small buds had formed. 

The bushy appearance presented by the irradiated plants is due to the 
greater development of lateral branches. A comparison of this feature in 
the irradiated and control plants is shown in table I. All lateral branches 
one centimeter or more in length were counted and measured. In series IV, 
there was an increase in branch development of 27.5 per cent, over that 
found in the control plants. In series V and VI where but one exposure 
was given to plants which had already formed buds, the percentage of in- 
crease of total length of branches from irradiated plants over the control 
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was considerably greater than in Series IV, whereas the average length 
was less. 

Besults in table I indicate that tomato plants irradiated either in the 
seedling stage or at the time that buds are appearing produce a greater 
number of lateral branches per plant than controls of the same age. In 
two of the three groups, the average length of branches from the irradiated 
plants was also greater. 

Effect on floral development 

Observations were made on four series of plants to determine the effects 
of irradiation on the time of blossoming and the occurrence of anomalies 
in buds and blossoms. The normal tomato flower is perfect, regular, and 
typically six-merous. The calyx tube is very short, and bears six leafy 
lobes which are linear to lanceolate. The six or more yellow stamens are 
laterally joined to form a hollow cone around the pistil. The pistil has an 
elongated style, and the stigma extends slightly beyond the apex of the 
androecium. Many types of anomalies were found in blossoms developed 
from buds which had been X-rayed. Table II gives a list of abnormalities 
present in blossoms of series IV, seventeen days after the last exposure. 
In this group, three exposures were made, the first on 17-day old seedlings, 
the last when buds were barely visible. Only those blossoms which were 
fully open at the time of observation, or those which had just faded, were 
included in the list. 


TABLE II 

Anomalies found in blossoms or irradiated plants or Series IV* 


Description or anomaly 

Number of cases 

Double blossom ... 

2 

Corolla showing more than 6 lobes 

16 

Lobes of corolla cleft 

3 

Corolla lobes badly twisted 

3 

Calyx with more than 6 lobes 

4 

Lobes of calyx cleft 

2 

Tusion of calyx lobes 

33 

Twisted stamens 

12 

Total 

55 


^ At the time of observation, there were 24 blossoms on the 11 irradiated plants 
under observation. 
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On the same day that the above observations were made on the irradiated 
plants, there were 16 blossoms present on the 11 control plants. Fifteen of 
these had six corolla lobes and six calyx lobes. 

In view of the results given above, it seemed probable that similar 
anomalies could be produced by allowing plants to come to the budding 
stage and then irradiating them with one medium dose. With the last 
three series, plants were irradiated when they were approximately 60 days 
old. With some plants, the only part of the bud which showed any growth 
after irradiation was the pistil. Frequently the style became greatly elon- 
gated protruding from the calyx tube. Often the style showed marked 
flattening. In many cases, the buds present at the time of irradiation be- 
came yellow and dropped off. In one case, the irradiation affected the 
plant so that buds did not develop. Table III summarizes the floral de- 
velopment of the last three series. 


TABLE III 

Development or flowees raoM eibbt bud olustee 



Series V. 62-day 

1 OLD PLANTS IRRADI- 

ATED WITH ONE DOSE 
PROM rOLLOWINQ 
SET-UP: 5 INCH 
SPARK GAP, 5 
MILLIAMP., 30 CM. 
rOR 20 MIN. 

Series VI. 60-day 

OLD PLANTS IRRIDI- 
ATED WITH ONE DOSE 
FROM FOLLOWING 

set-up: 90 K.V., 5 
MILUAMP., 30 CM. 

FOR 20 MIN. 

Series VII. 55-day 

OLD PLANTS IRRADIATED 
WITH ONE DOSE FROM 
FOLLOWING SET-UP : 

90 K.V., 5 MILLIAMP,, 

30 CM. FOR 20 MIN. 


Control 

Irradiated 

Control 

Irradiated 

Control j 

Ibraduted* 

No. of plants ... 

12 

12 

11 

11 

7 

7 

Total no. of blossoms 

56 

1 

43 

13 

25 

23 

Average no. of blos- 
soms 

4.66 

.083 

i 

3.9 

1.18 

3.57 

3.28 

Ave. no. of days for 
blossoms to appear 

17.4 


1 

24.3 

i 

20 

25.4 

29.3 

Percentage of plants 
never developing 
dowers in Srst bud- 
cluster 

0 

91.6 

1 

0 

63.6 

0 

0 


* LesBened effect probably due to fact that planta were irradiated when buds were younger 
than those in the other series. Leaf anomalies were as evident as in other irradiated plants. 


A comparison of flower development in series IV and V indicates an 
existence of radiophylaxis which Anoel and Lalusmand (1) have demon- 
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strated. In their experiments, it was found that an exposure to a light 
dose preceding the heavy dose lessened the effect of the heavier dose which 
followed. In series IV one medium dose which was given to the 17-day old 
seedlings was repeated at two-week intervals, the last being given when 
small buds had formed. When these plants were 3.5 months old, 9 per 
cent, of the irradiated plants, and 63.6 per cent, of the controls, were 
bearing fruit. When these same plants were 5 months old, 54.5 per cent, 
of the irradiated, and 90.9 per cent, of the controls, were fruiting. With 
series V where the plants were exposed to but one medium dose, irradiated 
plants 3 months old had produced no fruit while 75 per cent, of the controls 
were bearing fruit. When these plants were 4 months old, 25 per cent, of 
the irradiated, and 92 per cent, of the controls, were in fruit. 

The plants which had two previous exposures before irradiation did not 
drop their buds but developed flowers. These showed many malformations 
of structures, it is true, but the injury was considerably less than that 
sustained by the plants of series V in which only one bud that received 
irradiation ever developed a flower. The X-rays apparently hastened the 
development of the abscission layer of the pedicel for, soon after the ex- 
posure, the region of the pedicel where the abscission layer develops became 
yellow and the bud soon dropped. This case seems to illustrate the phe- 
nomenon of radiophylaxis, as the earlier doses given the plants apparently 
prevented the serious injury which results when one dose only is given at 
the time the buds are formed. 

An accurate record of the time of blossoming and the number of blos- 
soms appearing in the second bud cluster was kept for series VI and VII. 
In both of the series there was but little difference in the time of blossoming 
between the experimental plants and controls. The average number of 
blossoms, however, was greater in the irradiated plants. This will be noted 
particularly in future study in order to determine whether inhibition of 
flower and fruit development from the first bud cluster will be accompanied 
by increased vegetative and reproductive growth of the irradiated plants. 
In series IV and V double and* triple flowers were produced. Figure 1 
shows two of the unusual flowers produced. One was a double structure 
as is shown by the presence of two pistils with the surrounding androecia. 
The second flower was a triple one with three separate pistils each sur- 
rounded by a complete androecium. 

Fruit development 

All groups of tomato plants were allowed to grow to maturity so that 
fruit development could be observed. In series I, buds appeared on irradi- 
ated plants at about the same time as on the controls. Fruit development 
seemed in no way affected by irradiation. In the plants of series II where 
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Pig. 1. Flowers produced on new growth which developed After irradiation of 
plants with a medium dose. At left, triple flower showing three pistils with their sur- 
rounding stamens. In two of the flowers, the stamens are twisted so that a portion of 
the style is exposed. At right, double flower with two pistils and their surrounding 
stamens. 

a slightly heavier dose was given, fruits appeared on the irradiated plants 
at a somewhat later date than on the controls. When a still heavier dose 
was given to plants of series III, fruit development was still more retarded. 

In plants of series IV where a medium dose was given three times, fruit 
production was slow for a time. Later, when the plants had time to re- 
cover from the last dose, the number of fruits more nearly equalled those 



Fig. 2. Two-month-old tomato plants irradiated when the buds were very small 
presented this appearance 5 weeks later. Note the lessened height, branching habit, 
and sterile condition of the experimental plants. Buds have not developed on the 
deformed, abnormal growth. Controls show normal growth form and well developed 
fruit with new buds forming. 
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of the controls. In series V which was composed of a group of plants which 
were not irradiated until small buds were produced, none of the irradiated 
flowers produced fruits. In fact, only one of the buds produced a flower. 
That bud was well advanced in its development at time of the irradiation. 
Two months after irradiation some of the new growth which had developed, 
produced flowers and in 25 per cent, of the plants, fruits, often abnormal 
in shape, were produced. Five weeks after irradiation of plants in series 
V, there was a noticeable difference in height, branching habit, and fruiting 
condition of the control and X-rayed plants (figure 2). Buds which had 
been present at the time of irradiation had dropped without opening. No 
new buds developed until considerably later. 

Data given in table IV show that irradiation of young tomato seedlings 
with a dose of medium intensity may delay fruit formation somewhat but 
in no way inhibit it on growth produced a few weeks after exposure. One 
medium dose given at a time when small buds are formed, causes plants to 
be almost completely sterile until new growth develops. A small percentage 
of the irradiated plants will, in time, produce fruits on the new abnormal 
growth. 

TABLE IV 
Fruit development 


Series 

NUMBER 

Aoe or 

PLANT 

IRRADIATED 

Dosage* 

MILLIAMPERE- 

MINUTES 

(distance 30 

CM., NO FILTER) 

Time after 

RADIATION 
WHEN REC- 
ORD WAS 
TAKEN 

Fruits produced 

Irradiated 

Control 


days 


days 

Av. no. produced per plant 

I 

17 

7950 

200 

5.3 

4.6 

II 

17 

9000 


Fruits delayed 

Appeared in nor- 






mal time 





Percentage of plants bearing fruits 

HI 

17 

12000 

90 

80 

90 

IV 

17 

6000 

99 

9 

63.6 




1 107 

0 

27.2 




136 

54.4 

90.9 

V 

62 

6000 

35 

0 

75 




64 

25 

91.7 

VI 

60 

6000 

45 

18 

100 

VII 

55 

6000 

50 

71 

100 


* In series I-V, 5 in. spark gap used; in VI and VII, potential of 90 K.V. 


When plants are given one medium dose at an early age, fruit develop- 
ment is but little affected; but if this first dose is increased, fruiting is 
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delayed although not inhibited. In one series of plants where one medium 
dose was given just as buds were forming, none of the irradiated buds pro- 
duced fruits. New growth which developed during the next two months, 
produced abnormal flowers and fruits. 

In other series, where one exposure was made after buds had formed, 
the effect seemed to vary with the age of the buds. If buds were of fair 
size, they became yellowed and dropped off; but when very small at the 
time of exposure they produced flowers shoudng some anomaly of struc- 
ture, If fruits developed at a later period, they were misshapen and in 
many cases without seeds. Figure 3 shows a cross-section view of four 
fruits from irradiated plants of series VII wdth three controls. 



Fig. 3. Cross-sections of tomato fruits. At right, controls; at left, fruits which 
developed on plants which had received one medium X-ray dose after the formation 
of small buds. Note the absence of definite loculi, pockets in the pericarpal wall, dis- 
organization of core and placenta, and the reduced number of seeds. 

The control presents the appearance of the normal tomato fruit. The 
flesh consists of the outer pericarpel wall, the radial walls or interlocular 
septa, the placentae and the core. The number of loculi shows clearly. In 
the fruits from irradiated buds, however, one cannot distinguish definite 
loculi. The placenta and core show lack of normal structure and, in some 
fruits, there is an almost total absence of seeds. Pockets, which have 
formed in the outer pericarpel wall of the experimental fruits, are not 
present in the controls. 

Summary 

1. Irradiation of young tomato seedlings causes marked leaf anomalies 
in the young growth which develops after irradiation. Leaflets are often 
absent, badly twisted, or joined together in unusual fashion. Soon after 
irradiation, the leaves present a peculiar warty or pebbly appearance. As 
they grew older, there are areas of green of varying intensities so that they 
appear spotted or variegated. 

2. Plants receiving X-ray dosage develop many lateral branches which 
cause them to assume a bushy appearance. The number of branches de- 
veloped may be sixty-five per cent, greater in the irradiated plants than in 
the controls. 
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3. Many abnormalities of floral parts, including production of double 
blossoms, occur when plants are thrice irradiated previous to blossoming. 
If, however, radiation occurs at time of budding when there has been no 
previous dose, the buds become yellow and drop off without blossoming. 
Later growth may produce blossoms, some of which are normal while others 
are double or triple. 

4. Fruit development is somewhat delayed in plants which are irradiated 
during their early seedling stages. However, in plants which were irradi- 
ated just before blossoming with one medium dose, complete sterility was 
present for some time. Later the new growth produced small abnormal 
fruits on twenty-five per cent, of the plants as compared with one hundred 
per cent, fruit production of the controls. 

5. Radiophylaxis, a lessening of the effect of a harmful dose hy giving 
a preceding lighter one, was demonstrated by tomato flowers in one series. 
A dose Which would ordinarily cause a yellowing and dropping of buds if 
given as the buds were forming, did not have such a markedly fatal effect 
when two earlier doses were given before the reproductive stage. 

6. Fruits which do develop on irradiated plants show a lack of definite 
internal pattern. The placenta and core show abnormal development and 
there is an almost total absence of seeds. Pockets formed in the pericarp 
of fruits from irradiated plants are not found in the controls. 

XJniveksity or Ck)iiO!iAiK), 

Bouldee, Colobado. 
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EFFECT OF FEETILIZEES AND DATE OP PLANTING ON THE 
PHYSIOLOGICAL DEVELOPMENT OF THE COEN PLANT" 

B. W. Gebdel 
(with twelve figures) 

Introduction 

As a part of the Ohio program of corn borer research several years of 
investigations on the growth, rate of maturity, and yield of early and late 
planted corn have been carried on at Wooster. Studies have been made of 
the physiological conditions associated with the development of the plant, 
with differences in yield, and with variations in the length of time required 
for the maturing of late season varieties, that resulted from varying, (1) 
the date of planting; (2) the time and method of fertilizer application; 
and (3) the kind and quantity of fertilizer used. 

Among the many contributions to our knowledge of the physiological 
and chemical phenomena of the growth of plants are numerous investiga- 
tions leading to the establishment of the S-shaped curve of growth and 
attempting to offer an explanation of it. The papers on this subject are 
too numerous to review in detail. 

' Wolfe (9) found that within a given variety, the highest yielding corn 
plants silk early, and that the corn plants which mature first are the ones 
that tassel, silk, and shed pollen earliest. He concluded that any one of 
these characters indicates the relative time at which plants will reach final 
maturity. McClelland (3) obtained satisfactory yields when late plant- 
ing of corn was followed by heavy rainfall, but if followed by a drought, 
the yield was greatly reduced. McCool ( 4 ) found that the sap of corn 
plants grown on a soil receiving fertilizer had a greater osmotic concentra- 
tion than when grown on unfertilized soils. He concluded that this greater 
concentration in the sap would prevent late spring frost injury to seedling 
corn plants. 

Millar (6) obtained a more vigorous growth in corn which received 
hill applications of fertilizer, than in corn which received fertilizer broad- 
cast. Early maturity also followed as a result of hill fertilization. No 
limitation in root development was noted as a result of placing the fer- 
tilizer in the hill. His method of applying the fertilizer was to scatter it 
over an area of about 5 by 10 inches, in a shallow depression, and cover 
wdth a light layer of soil before dropping the seed. 

1 Contribution from the Department of Agronomy, Ohio Agricultural Experiment 
Station. 
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Harp£B (2), who applied the fertilizer on an area of about 10 by 3 inches 
and 1.5 inches above the seed, found no deleterious effect from hill fertiliza- 
tion on the root systems of the corn plant. He suggests that very heavy 
applications of fertilizers high in nitrogen may produce smaller root 
systems. 

Truog, et al, (8) found that germination of the seed was unimpaired 
when a complete fertilizer was applied at the rate of 120 to 200 pounds in 
the hill above the seed, and that maturity may be hastened as much as two 
weeks through hill applications of fertilizers on corn at planting time, pro- 
viding some method is used to prevent direct contact of seed and fertilizer 
in the hill. 

Plots 

Burr-Learning corn was grown in each of 3 years on a series of plots 
located on Canfield silt loam of medium to low fertility. The soil was 
fairly well drained and had an approximate reaction of pH 5.5. Two tons 
of ground limestone were applied as a basic treatment. 

The series of plots comprised four separate sections, each containing 
twenty-eight 1/20 acre plots. Ten plots of each section were used as 
checks, the remaining eighteen being given different fertilizer treatments. 
Each year two sections with duplicate plot treatments were planted to corn ; 
one section on or about May 15, the other on or about June 5. 

The fertilizers^ applied to the plots consisted of incomplete and com- 
plete types, such as 0-16-0, 0-12-4, and 3-12-4. Manure supplemented 
with 16 per cent, superphosphate was also applied to some plots. The 
quantity of chemical fertilizer applied varied from 100 pounds per acre, 
which may be considered as establishing a low level of fertility, up to 400 
pounds per acre which may be considered as establishing a high level of 
fertility. 

The fertilizers were applied to the plots at planting time either all 
broadcast, all in the hill, or part broadcast and part in the hill. The latter 
method is termed a ‘\split application.’’ Some of the plots received appli- 
cations of 8 tons of manure and 225 pounds of 16 per cent, superphosphate 
broadcast. This treatment was repeated also on other plots and supple- 
mented with varying amounts (100, 200 and 400 pounds per acre) of a 
3-12-4 fertilizer applied in the hill. Hill applications were made with a 
modern corn planter through the fertilizer attachment which provided for 
some separation of seed and fertilizer. 

s fertilizer were mixed from nitrate of soda, 16 per cent, superphosphate and muriate 
of potash. A fertilizer of 3-12-4 analysis contained a quantity of nitrate of soda equiva- 
lent to 3 per cent. NHs, superphosphate equivalent to 12 per cent. P 2 O 8 and muriate of 
potash equivalent to 4 per cent. KjO. Uniform volumes were obtained by using appro- 
priate quantities of gypsum as a filler. ^ 
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Physiological studies 

Oreen and dry weights , — One end of the plots on each section was 
selected for uniformity of stand, and from this end of each plot two hills 
were removed at 10 to 14 day intervals for determination of green and dry 
weights* The dried sample was stored for future analysis. 

Height . — Early in the season four hills in each plot were marked with a 
garden stake and at each sample period the height of these hills was mea- 
sured and averaged for the particular plot. In 1926 and 1927 all plants 
were measured to the tip of the inside leaf until the tassel appeared, then 
to the base of the tassel. It was hoped that such a measurement would 
^Ve an index of vegetative height and eliminate reproductive growth and 
leaf length from the final measurements. However, the variations in height 
of the inside leaf were too great, and to correlate the results with other 
work at Wooster, all measurements were made to the top of the tallest leaf 
in subsequent years. 

Leaf area . — Measurements of leaf area were made on the samples col- 
lected for green and dry weight determinations. When small, all six plants 
in the sample were measured ; as they became larger, the number of plants 
on which leaf area measurements were made was reduced to expedite 
handling. When measurements were made on less than the total number 
of plants in the sample, leaf area was determined on those plants which 
closely approached the average field height for that sample date. All 
results were calculated to a single plant basis. 

Measurement of leaf area was made on a specially constructed photom- 
eter involving photo-electric cells and vacuum tube amplification. A 
description of the photometer used in 1927 has been published (1). In 
1928 it 'was found that the errors in the method could be reduced almost 
one-third by using two photo-electric cells in parallel. 

Vein and intervein width , — In 1928 measurements were made to deter- 
mine whether intervein width of the ear leaf might give an index of the 
efficiency of the leaf with respect to vegetative growth and yield. Measure- 
ments were made by an ocular and stage micrometer on a cross-section of 
the leaf taken at a definite distance above the leaf ^s junction 'with the stalk. 

Stalk diameter . — ^Measurement of the least and greatest thickness of 
the stalks from the periodic samples was made at the center of the intemode 
above the first node, and the two figures thus obtained were averaged and 
designated as stalk diameter. The average diameter of all six stalks in 
each periodic sample was then obtained. 

Mean silking date , — ^Beginning with the appearance of the first silks, 
numbered tags were placed each morning on all ears which had silked over 
night. At the end of the silking period these tags were collected and the 
mean silking date calculated, (Meyers, 6). Thus an index of the rate of 
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maturity was obtained as well as the effect of fertilizers on hastening the 
completion of this period in the life cycle of the plant. 

Yield and moisture at harvest , — ^Harvest yields were determined on all 
plots and a 25-pound sample of ears selected at random. These samples 
were dried in a heated drying room and used to calculate the air-dry yields. 
Brown-Duvel moisture determinations were made on these samples and 
final yields calculated to a basis of 15.5 per cent, moisture. Marketable 
ears and nubbins were separated in the field at harvest, and, after drying, 
a shelling per cent, of the marketable ears was determined. 

Results 

Effect of degree of fertility upon the accumulation of dry weight 

When the total dry weights from the periodic samples are plotted against 
time, the curves approach the S-shaped growth curve. However, as noted 
in figure 1 the curves for all plots receiving fertilizers exhibit two fairly 
well defined points of inflection. These curves would be of the bimodal 
type if plotted only on the actual increase in dry weight from sample to 
sample. Each curve apparently represents two S-shaped curves in which 
the autostatic end of the first curve overlaps the autokinetic end of the 
second (Robertson, 7). 

The type of curve presented in figure 1 may be correlated with the main 
phases of growth of the plant, vegetative and reproductive. The vegetative 
phase was practically complete on the fertilized plots at the mean date of 
silking. In every case, where large amounts of fertilizer were applied, the 
average date of silking occurred a few days after senescence became promi- 
nent in the vegetative phase. This was indicated by a slowing up of the 
growth rate and by the inflection in the curve of growth, or, in the words 
of Robertson (7), ^‘when vegetative growth attains maximal extent and 
minimal velocity.’’ 

From the graphs and tabular data (figures 1 and 2, and table I) it ap- 
pears that hill application of fertilizer favors a more distinct separation of 
the vegetative and reproductive growth cycles. On the other hand, even 
much larger amounts of total nutrients supplied in broadcast applications 
of manure and superphosphate show but little of this tendency even though 
productive of higher final yields. Explanation apparently lies in the con- 
centration of nutrients close to the seed in the hill treatments, this inducing 
more rapid early growth and earlier silking. Where hiU treatment is com- 
bined with the broadcast application of manure and superphosphate, growth 
is rapid during both growth phases with greatest advance in silking date, 
and the two growth phases show distinct separation. 
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Fig. 1. Average dry weights of plants grown on plots receiving varying types of 
fertilizers. Planted May 15, 1927. 

(26) Manure 8 tons, 0-16—0 225 lb. broadcast, 3—12—4 200 lb. hill. 

(14) Manure 8 tons, 0-16-0 225 lb. broadcast. 

(21) 3-12-4 200 lb. hill. 

(Checks) average of all unfertilized plots. 

»S = mean silking date. 

Comparison of dry weights for 1926, 1927, and 1928 

The data so far presented apply only to the 1927 crop. The dry weight 
curves for 1926, 1927, and 1928 all follow the same general trends as shown 
in figure 3. Seasonal variation in meteorological conditions cause differ- 



Fig. 2. Average dry weights of plants grown on plots receiving varying types of 
fertilizers. Planted June 5, 1927. 

(26) Manure 8 tons, 0-16-0 225 lb. broadcast, 3-12-4 200 lb. hill. 

(14) Manure 8 tons, 0-16-0 225 lb. broadcast. 

(21) 3-12-4 200 lb. hill. 

(Checks) average of all unfertilized plots. 

S = mean silking date. 
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Fio. 3, Average dry weights of plants grown on all plots receiving hill applications 
of 3-12-4 in 1926, 1927. and 1928. 

S = mean silking date. 

ences in both the vegetative and reproductive phases of growth ; hence, the 
averaging of data for two or more years would obscure the effects due to 
variations in climatic factors. The average date of silking varies by more 
than 6 days; evident senescence of vegetative growth varies by at least 20 
days, while frost, sufficiently early and intense in 1926 and 1928 curtailed 
the reproductive growth sufficiently to prevent a complete expression of 
this portion of the cycle. The 1927 results, therefore, are more complete 
and were selected to indicate the general trends of growth as shown by dry 
weight accumulation. 

The effects of variations from the normal in temperature and rainfall 
throughout the growing season on increase in dry matter are presented in 
figure 4. In 1928 an extremely wet and cold June resulted in the storage 
of considerable moisture in the soil. July was warm with about normal 
precipitation; as a result, a large quantity of nitrate nitrogen was probably 
produced in the soil. These favorable conditions of moisture, temperature, 
and available nitrogen were directly refiected in the rapid growth at this 
time, as contrasted with that during the same period in 1927 which was 
undoubtedly inhibited as the result of cold, dry weather in June. July 
of 1927 was about normal but not sufficiently favorable to make up for the 
June deficiency in temperature and rainfall. In 1928 an extremely warm 
August with more than normal precipitation provided conditions favorable 
to rapid growth, while the opposite seasonal conditions occurred in 1927. 
This causes the dry weight curves for these two years to diverge widely at 
this time. However, an early frost and a cold dry autumn stopped all 
growth before the end of September in 1928, while more favorable condi- 
tions permitted the corn to grow at least thirty days longer in 1927. 
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Fig. 4. Correlation of dry weight increase with seasonal variation in climatic factors. 

Average of all plots receiving hill applications of 3-12-4. 

Effect of degree of fertility on stalk diameter, leaf area, height, and 

SILKING date 

Figure 5 sliows the average stalk diameter of corn at different degrees 
of fertility. The most interesting observation is the closeness of the maxi- 
mum diameter to a single value for all three plots, indicating that Burr- 
Learning corn has a seasonal maximum diameter which it reaches with 
comparatively low fertility. The higher the degree of fertility, the more 
rapid was the early growth and the attainment of this maximum stalk 
diameter. The fact that Burr-Learning corn attains a seasonal maximum 
diameter at comparatively low levels of fertility is further indicated in 
figure 9 in which the average maximum diameter for 1927 and 1928 from 
twelve different plots is plotted against the yield produced at increasing 
degrees of fertility. 

The leaf area curves for the plots receiving 3-12-4 fertilizer in the hill 
in 1926, 1927, and 1928 are presented in figure 6. The most striking thing 
about these curves is the rapid acceleration in leaf area development during 
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Fig. 5. Average stalk diameter of plants grown on plots receiving varying types 
of fertilizers. Planted May 15, 1927. 

(23) 3-12-4 400 lb. hill. 

(21) 3-12-4 200 lb. hill. 

(20) 3-12-4 100 lb. hill. 

the early part of 1928. There may have been an initial lag in the accelera- 
tion, but if so it was too small to be measured within the sample periods. 
However, though acceleration is rapid in the early stages and the maximum 
area attained is greater than in previous years, a longer time is required 
to reach this maximum leaf area. 

The 1927 data are used for comparing the effects of fertility treatments 
upon increase of leaf area, the effects of manure and superphosphate alone, 
complete fertilizer alone, and the combination of these two fertilizers being 
shown in figure 7. 

It is apparent that a seasonal maximum leaf area may be obtained by 
the use of fertilizers. This limitation of leaf area is similar to that ob- 
served for stalk diameter. The three early planted, fertilized plots .shown 
in figure 7 represent a wide variation in fertility; yet the maximum leaf 
area attained by any one of these plots varies by less than 200 square centi- 
meters from that of either of the others. The maximum variation between 
the fertilized plots is approximately 4.5 per cent, while any one of these 
three plots varies from the unfertilized check plot by 2,000 cm.^, or 45 per 
cent. Further evidence of the production of maximum leaf area at rela- 
tively low degrees of fertility is shown in figure 9, in which the two year 
average maximum leaf area is compared with the yield at increasing levels 
of fertility. 

From observation of figure 1 it is noted that the increase in dry weight 
for these plots is apparently independent of either leaf area or stalk 
diameter. This may indicate that the nutrients are first utilized in the 
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growth of the stalk and leaves up to a certain size. If these nutrients are 
just sufficient to permit maximum attainment of vegetative growth for a 
given season, little is left for reproductive growth. Where fertilizers are 
added to the soil and absorbed in excess of the requirements for vegetative 
processes, the excess becomes available for continued reproductive growth. 
This relationship is further indicated by the data presented in table II, 
showing the leaf areas and yields at several degrees of fertility for the 
years 1927 and 1928. 



Fjg. 6. Average leaf area of plants grown on all plots receiving hill applications of 
3-12-4 in 1926, 1927, and 1928. Planted about May 15, each year. 

In the analysis of these data it must be remembered that a single leaf 
may have an area of 200 to 300 cm.^ or even more. The loss of a single 
leaf, due to drying and breaking off, would affect the leaf area of the plants 
sampled by a considerable amount. This loss of leaves occurring earlier 
in the early planted corn accounts at least in part for the greater area of 
leaves in the last samples of late planted, heavily fertilized corn. However, 
the data as a whole substantiate the previous hypothesis that for Burr- 
Learning corn a maximum leaf area is attained at fairly low concentrations 
of fertilizer. 

The maximum leaf area attainable in any season is determined in part 
by meteorological conditions, such as rainfall and temperature. For the 
years 1926 and 1927 the maximum area reached varied between 4500 and 
5000 cm.® ; while for the year 1928 it was 6500 to 7000 cm.® The latter year 
was characterized by heavy rainfall and high temperatures. However, the 
relative effects of fertilizers upon attainment of maximum leaf area for the 
season was about the same in all three years, a fairly low degree of fertility 
being capable of producing a maximum leaf area equal to that attained 
by the heaviest fertilized corn. 
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Apparently, from a study of the data in tables I and II and the figures 
7, 8 and 9, neither maximum leaf area nor time of its attainment are indices 
of potential yield for every degree of fertility. Below that degree of fer- 
tility at which maximum leaf area is attained, yield and leaf area decrease 



Fig. 7. Average leaf area of plants grown on plots receiving varying types of 
fertilizers. Planted May 15, 1927. 

(26) Manure 8 tons, 0-16-0 225 lb. broadcast, 3-12-4 200 lb. hill. 

(14) Manure 8 tons, 0-16-0 225 lb. broadcast. 

(21) 3-12-4 200 lb. hill. 

(Checks) average of all unfertilized plots. 

8 = mean silking date. 



Fig. 8. Average leaf area of plants grown on plots receiving varying types of 
fertilizers. Planted June 5, 1927. 

(26) Manure 8 tons, 0-16-0 225 lb. broadcast, 3-12-4 200 lb. hill. 

(14) Manure 8 tons, 0-16-0 225 lb. broadcast. 

(21) 3-12-4 200 lb. hill. 

(Cheeks) average of all unfertilized plots. 

S=:inean silking date. 
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almost proportionally; above this degree of fertility, yield increases very 
rapidly while leaf area remains constant. 


TABLE I 

YiKLD op COEN AS APPECTBO BY DKOREE OP PKETIUTY 


Plot 

Treatment 

Planted May 15, 1927 

Planted June 5, 1927 

Yield 

Yield 

Ears 

Nubs 

Total 

Ears 

Nubs 

Total 



hu. 

hu* 

bi4. 

hu. 

hu. 

hu. 

26 

manure, 8 T., 0-16-0 








225 lb. Be., 3-12-4 200 








lb. hill 

55.6 

14.7 

70.3 

39.5 

8.4 

47.9 

14 

manure, 8 T., 0-16-0 








225 lb. Be. 

27.9 

17.3 

45.2 

14.3 

17.6 

31.9 

21 

3-12-4 200 lb. hill 

23.8 

13.4 

37.2 

11.4 

13.2 

24.6 

Checks 

unfertilized 

4.7 

12.5 

17.2 

1.3 

3.5 

4.8 


In plotting the curves in figure 9 the fertilized plots were arranged in 
order of yield, and not always in order of increasing fertilizer application. 
Often the method of application was just as effective in determining the 
fertility level and yield on the plots as the quantity applied. 

The vein and intervein widths of ten leaves removed at the ear node 
from each of three different plots were measured at a point 10 cm. above 
the junction of the leaf with the ear. The results are presented in table III. 

Although there is a slightly greater intervein width in the leaves of corn 
from highly fertilized plots, the difference is so small as to be practically 
negligible when contrasted with the great differences in yield. 

Since seasonal maximum leaf area is reached at relatively low fertility ; 
and, as there is almost no increase in the intervein vein ratio, it would 
appear that the attainment of the maximum efficiency of the leaves of Burr- 
Learning corn is limited by the nutrients available in the soil. 

The general trend of increase in height throughout the growing season 
is affected by fertility in a manner quite similar to either dry weight, leaf 
area, or stalk diameter. (See figxires 9, 10, and 11.) However, the final 
height apparently is not so much affected by internal physiological condi- 
tions as are leaf area and stalk diameter; that is, though there is probably 
a genetic and physiological limitation to final height beyond which the degree 
of fertility will not produce greater elongation of the stem, this limitation 
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^Adjacent check yielded 13.7 bushels per acre. 

* Yield calculated from less than total plot area after damage by birds. 
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TABLE III 

Vein and intervein width of corn leaves 


Treatment 

Width 

Batio 

AV. OF TEN LEAVES 

Intervein 

Vein 

Intervein 

Vein 


mm. 

mm. 


Manure, 8 T., 0— 16-0 225 lb. broadcast 




3-12-4 200 lb. hill , 

0.10166 

101,2 

1 1/995 

3-12-4 200 lb. hill 

0.09243 

91.4 

1/988 

Checks, unfertilized 

0.08466 

81.7 

1/965 


is not effective at such low fertility levels as seemed to cause the expression 
of the internal limiting factors for leaf area or stalk diameter. 



Fig. 9. Effect of degree of fertility on the yield and physiological development of the 

corn plant. 

The failure of the lower fertilized plots to reach heights even approxi- 
mately equal to those of the higher fertilized plots is pronounced, as is 
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Pig. 10. Average height of plants grown on plots receiving varying types of fer- 
tilizers. Planted May 15, 1927. 

(26) Manure 8 tons, 0~16--0 225 lb. broadcast, 3-12-4 200 lb. hill. 

(14) Manure 8 tons, 0-16-0 225 lb. broadcast. 

(21) 3-12-4 200 lb. hill. 

(Cheeks) average of all unfertilized plots. 

S = mean silking date. 



Fig. 11. Average height of plants grown on plots receiving varying types of fer- 
tilizers. Planted June 5, 1927. 

(26) Manure 8 tons, 0-16-0 225 lb. broadcast, 3-12-4 200 lb. hill. 

(14) Manure 8 tons, 0-16-0 225 lb. broadcast. 

(21) 3-12-4 200 lb. hill, 

(Checks) average of all unfertilized plots. 

S meant silking date. 

also the fact that the highly fertilized plots for both early and late plant- 
ings produce corn of nearly equal height. This would indicate that this 
height of approximately 225 centimeters is probably the limit of elonga- 
tion for that particular year. Further evidence of the fact that the maxi- 
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mum potentiality for height is expressed only at high degrees of fertility 
is given in table lY. The fact that height is limited only at high levels of 


TABLE IV 

HXIQHT or THE COSH PLANT AS ATTECTED BT THE DEOBEE OF FEBTILITY 


Treatment 

1 

Final height 

1927* 1 

1928’‘ 

1929»‘ 

Av. 


om. 

cm. 

cm. 

cm. 

Manure, 8 T., 0-16-0 225 lb. broadcast 

225 

318 

260 

267.6 

3-12-4 400 lb. hill 





Manure, 8 T., 0-16-0 225 lb. broadcast 

215 

330 

265 

270.0 

3-12-4 200 lb. hill 





Manure, 8 T., 0-16-0 225 lb. broadcast 

195 

308 

255 

252.6 

3-12-4 200 lb. hill 

170 

265 

227 

221.0 


* 1927 height measured to base of tassel. 

” 1928 and 1929 height measured to top of tassel. 


fertility is shown in figure 9 in which the three year average maximum 
height is compared with yield for increasing degrees of fertility. 

The value of the date of silking as an index of various physiological phe- 
nomena can scarcely be over-emphasized. The method of obtaining the 
mean date of silking has been previously discussed by Meyers (6). 

The mean silking date occurs almost always at the time when maximum 
vegetative growth is attained, as shown in all of the previous graphs. In 
some cases, this point falls slightly ahead of the maximum attainment of 
height or leaf area, in others it occurs after these maxima have been 
reached. Photoperiodism is almost certain to play an important role in the 
determination of the time of silking, but it cannot completely overcome the 
handicap of poor environment, late planting, and lack of varietal adapta- 
tion. 

Although photoperiodism may play an important part in the deter- 
mination of the flowering time of plants, in the corn plant silking exhibits 
sufiicient variability in time of occurrence to be influenced by fertility to 
an extent which is not only measurable but of economic importance (tables 
V and VI). 

The most notable effects were produced by hill applications of complete 
fertilizer supplementing broadcast applications of manure and superphos- 
phate. Such treatment not only caused earlier silking but also reduced 
the length of the silking period. In 1927 the plot receiving this treatment 
reached the mean date of silking 24 days earlier and completed the silking 
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TABLE VI 

AtEBAGE SDiKING DATE AND YIELD OP CORN PLANT AS AFFECTED BY DEGREE OP FERTILITY. PLANTED JUNE 5 
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period in 8 days less time than the unfertilized plots. Further comparison 
of the data shows that as the quantity of chemical fertilizer is decreased 
the time to reach the average date of silking becomes greater and the time 
for completion of silking is increased. 

The importance of method of application of nutrients, in this connection, 
is shown by the results for the plot receiving manure and superphosphate 
without supplementary hill treatment. On the basis of its yield and of the 
results obtained by Wolfe (9) previously discussed, this plot should silk 
earlier than any of the plots receiving only complete fertilizer. In all other 
cases the higher the yield, the earlier occurred the mean date of silking. 
The failure of this plot to silk earlier may be accounted for by the slow 
initial growth as demonstrated by the leaf area, height, and dry weight 
curves for this treatment. It is also evident from the data in tables V and 
VI that late silking is correlated with high moisture content in the grain 
at harvest, a factor of considerable economic importance since moisture 
content is the most important factor determining the grade of market corn. 

The effect of fertility upon the rate and duration of silking is presented 
graphically in figure 12. The rapidity of silk development with high fer- 
tility and the slow development and the long drawn-out blooming period 
with low fertility are emphasized in this graph. 



Fio. 12. Bate of silking as affected by fertility. 
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That earliness of silking and shortening of the duration of the silking 
period are limited by fertility level as are leaf area, height and diameter is 
shown in figure 9. 

Low concentrations of fertilizer are not effective in shortening the silk- 
ing period, but at medium concentrations the duration of the silking period 
is rapidly shortened to the minimum attainable with Burr-Learning com* 
The earliest median date of silking, however, is reached only at relatively 
high levels of fertility. 

Probably the silking phenomena are greatly influenced by the response 
of individuals in the heterogeneous population of these plots. Low fer- 
tility levels appear to affect the silking phenomena in a manner similar to 
dry weight accumulation, for those plots which exhibit the longest duration 
of the silking period, and which reach the average date of silking late in the 
season, also exhibit the most complete mergence of the grovlh and repro- 
ductive cycles as shown by the smooth, single sigmoid curve for dry weight 
accumulation. 

A conclusion of considerable practical value that may be drawn from 
a study of the data for silking date, yield, and moisture at harvest is the 
possibility of maturing an otherwise unadapted, long-season variety of corn 
by the use of sufficient fertilizer applied in the hill. 

Summary 

Periodic measurements of the physiological development of the corn 
plant were made on corn grown on plots representing 19 different degrees 
of fertility and two different dates of planting. 

Periodic measurements on samples collected at ten- to fourteen-day 
intervals included green weight, dry weight, stalk diameter, and leaf area. 

Field measurements included height, silking date, and yield of grain. 
The moisture content of the grain at harvest was also determined. 

A summary of the results follows : 

1. With continuous abundance of nitrogen, phosphorus, and potassium 
throughout the season, marked differentiation of the vegetative and repro- 
ductive cycles occurred, associated with a narrow silking range, earliness of 
silking, and high yield. 

2. With a low supply of nitrogen, phosphorus, and potassium through- 
out the season, an overlapping and mergence of the two growth cycles oc- 
curred, associated with a wide silking range, lateness of silking, and low 
yield. 

3. Hill applications of fertilizers appeared to intensify the differentia- 
tion of the vegetative and reproductive cycles. Broadcast applications were 
markedly less effective, presumably because less nutrients were concentrated 
within reach of the plant during its early period of growth. 
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4. Maximum leaf area, stalk diameter, and height of the corn plant 
were produced at levels of fertility considerably below that which still pro- 
duced increase in yield. 

5. The narrowest silking range and earliest average date of silking oc- 
curred at levels of fertility considerably lower than that which still pro- 
duced increase in yield. 

6. The degree of fertility at which the diiferent physiological maxima 
were obtained was approximately the same from year to year, regardless 
of the annual fluctuation in maxima due to seasonal conditions. 

7. Variations in the physiological development of corn from different 
levels of fertility may represent, under the conditions of this experiment, 
a var^%le response of individuals in the heterogeneous population of Burr- 
Learning corn. 

Ohio Statb;, Agricultural Experiment Station, 

Wooster, Ohio. 
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COMPARISON OP TWO METHODS OF MEASURING 
STOMATAL APERTURE 

...0 ... A , 

(with one figure) ^ _ ..i 

Both England and America have contributed valuable data to our 
knowledge of stomatal movement in plants ; and it is of interest that totally 
different methods have been used in the two countries. In England the 
porometer, first deseribed by Darwin and Pertz (2) was modified and 
improved by Knight ( 4 ), who used the method for his work on stomatal 
movement (6, 6). In the United States the most important contributions 
have been made by Lloyd (7), E. B. Shreve (9), and Loftfield (8). 
Lloyd originated the method of tearing off the epidermis, and plunging it 
immediately into absolute alcohol, subsequently measuring the stomatal 
aperture under the microscope. This method was also adopted by 
Loftfield. Shreve described a method depending upon rapid penetra- 
tion by picric acid, and subsequent microscopic examination. 

Knight, though he mentions Lloyd’s method, has published no compari- 
son of the method with his own. Loftfield rejects the porometer method. 
“To the best of the writer’s knowledge, no comparison has been made be- 
tween a series of direct observations upon the condition of the stomata and 
porometer readings made at the same time. Until the method is checked in 
this manner it is felt that its reliability is questionable.” (8, page 8.) 

Both Lloyd’s method and Knight’s have their draw-backs, which it is 
not the writer’s purpose to discuss here. A brief comparison of the two 
methods may not be out of place, especially as the British method could be 
applied on the same species as Lloyd used, and in the same laboratory as 
that in which Lloyd devised his method. 

For the tests two plants were used, geranium, growing in the green- 
house of the desert laboratory, and Verhena, growing in the garden. A 
porometer, similar to that described by Knight ( 4 ), was fixed on one leaf 
of the plant. Readings were taken on the porometer at regular intervals. 
Every time a reading was taken, a strip of epidermis was removed from 
a leaf of about the same age, and put into a solution of congo red in abso- 
lute alcohol. The dimensions were measured under the microscope, and 
the areas of the pores calculated, on the assumption that the pores were 
elliptical in outline. In table I, and figure 1 are given the readings from 

1 Commonwealth Fund Fellow. 
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one experiment on a geranium leaf, in full, and in table II are readings in 
full made on a leaf of Verbena. 

It will be noticed that the porometer readings are compared with the 
areas of the pores, and not the diameters. While diffusion is proportional 
to the diameters of the pores, the movement of gas under pressure is pro- 
portional to the areas. 

The tables reveal certain facts relating to the relative sensitiveness of 
the two methods. Lloyd himself mentions that ‘‘the stomata in a piece of 
epidermis are seldom of a uniform degree of opening.’’ (7, page 28.); 
but his method of estimating the mean stomatal aperture by measuring the 
extremes of aperture is not statistically sound. When the mean of ten 
stomatal apertures is taken, the coefficients of variability are of the order 
of 20 per cent. The porometer averages the apertures of some 50,000 
stomata, and the coefficient of variability of five readings is as low as 3.2 
per cent. Assuming that it measures stomatal aperture, the porometer, 
then, is a far more sensitive test of changes of aperture than Lloyd’s 
method. It suffers, however, from the disadvantage that absolute values 
cannot be obtained from the method. 


TABLE I 

Stomatal movement on geranium leaf throughout the day 


Time 

Porometer method 

Lloyd’s method, area of pore 


drops per minute 

mm.^ 

9: 30 A. M. 

porometer put on 


10: 00 

7.6 ±L 0.24 


11: 00 

8.1 ±: 0.26 

0.000118 ± 10"“ X 2.1 7 

12: 00 

8.0 


1: 00 P. M. 

7,8 ± 0.26 

0.000116 ± 10-“ X 2.47 

2: 00 

7.4 ± 0.22 

0.000095 ±, 10-“ X 1.82 

3: 00 

6.4 rt 0.20 

0.000086 ± 10-“ X 1.70 

4: 00 

6.9 ± 0.20 

0.000077 ± 10-“ X 1.15 

t i 00 

6.0 ± 0.19 

0.000079 ± 10-“ X 2.49 

6: 00 

2.8 ± 0.02 

0.000046 ±: 10-“ X 0.73 

7: 00 

2.0 ± 0.02 

0.000000 


To test the closeness of agreement of the two methods, the tv o sets of 
readings are arranged as percentages of their maximum values, and the 
series of differences between the percentages compared, using the statistic 
X^ and the tables in Fisher’s monograph (3). This has been done in full 
for th^ geranium leaf (table III), and in table IV are given the results of 
tests on various other leaves. 
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TABLE II 

Stomatal movement on Verbena leaf theoughout the day 


Time 

Porometer 

Lloyd's method 


drop^ per minute 

wm.® 

9: 30 A. M. 

porometer put on 


11 : 00 A. M. 

4.8 

0.000090 ± 10-* X 1.8 

32; 00 

4.5 

0.000082 ± 10-* X 1.6 

3:00 P. M. 

2.0 

0.000048 ± lO-^xO.O 

6:00 P. M. 

1.1 

0.000015 ± 10-» X 0.7 


It is clear that the methods do not give results which differ significantly, 
except at very small stomatal apertures. At 7 : 00 P. M. the stomata ap- 
peared closed when examined by Lloyd method under the microscope, but 
the porometer still gave readings. Tliis was almost invariably observed. 
It is not surprising that air can still be drawn through the stomata slowly 
after they appear to be closed. At such apertures, however, diffusion 
through the pores is proportional to the cube or sixth root of the rate of 
flow under pressure, so that Lloyd's method gives the more accurate 
picture of the diffusive capacity of stomata at small apertures. 

TABLE III 

TEST OF DIFPEEENCES BETWEEN THE TWO METHODS ON GEEANIUM 


Time 

Porometer reading 

IN PERCENTAGE OP 
MAXIMUM 

Lloyd's method in 

PERCENTAGE OF 
MAXIMUM 

Differ- 

ence 

x’ 

11; 00 

per cent, 

100 

per cent, 

100 

0 

0 

3: 00 

96.3 

98.0 

1.7 

0 

2: 00 

91.4 

81.0 

10.4 

0.62 

3: 00 

79.0 

73.1 

5.9 

0.48 

4: 00 

85.2 

65.0 

20.2 

6.28 

5: 00 

74.1 

66.2 

7.9 

0.94 

6: 00 

34.7 

39.3 

4.6 

0.54 

7: 00 

24.7 

00.0 

24.7 

(610.1) 


Total, omitting last fig. = 8.86 

n =5 

P = 0.10-0.20 


n =5 

P = 0.10-0.20 


The tables reveal a very satisfactory agreement between Knight’s 
method and Llotd’s method of estimating stomatal apertures, on geranium 
and Verbem, at wide apertures. If the small values, taken about sunset. 
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TABLE IV 

SUUlfABT or TESTS OF AOBEEMEHT BETWEEN THE TWO METHODS 


Number 

Plant 

x’ 

n 

P 

Difference 

1 

Geranium 

8.86 

5 

0.10-0.20 

not significant 

2 

(t 

7.68 

4 

0.10 

it it 

3 

Verhefia . . 

' 5.40 

4 


(< it 

4 


9.00 

5 

0.10 

it it 

5 

it 

• 

5.02 

4 

0.30-0.20 

it 



Fig. 1. Diurnal cbanges in stomatal aperture of the geranium, determined by two 

different methods. 

are included, the values of x* are 618.9, 442.3, 330.2, instead of 8.86, 7.68, 
and 2.29 and the divergence is in every case significant. Neither of these 
plants has heterobaric leaves. 

According to the coefficients of variability of the two methods, the 
porometer method is nearly ten times as sensitive as the method devised by 
Lloyd. 

In conclusion I wish to record my indebtedness to Dr. Shrevb, and my 
thnnlTB to the Carnegie Institution for the facilities of the Desert Labora- 
tory. 

Desebt Labobatobt of the Carnegie Institution, 

Tucson, Arizona. 
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MECHANISM OF ROOT-CONTRACTION IN BBODIAEA 

LACTEA 

D. Tho0At 

In a recent paper in the American Journal of Botany, F. H. Smith (7) 
has given an interesting account of the contractile roots of Brodiaea lactea. 
These show features that clearly differentiate them from the ordinary 
monocotyledonous types of contractile root which the work of Rimbach ( 4 , 
5, 6) has made familiar. In the latter types the stele remains straight, 
owing to the fact that the taut contractile tissue lies just outside it. The 
cells of this active tissue, the inner cortex, grow wider and shorter, as de- 
scribed by DE Vries for other types (13). Room for their transverse 
growth is obtained in many eases by progressive collapse of the outer cor- 
tical cells. In Brodiaea lactea the outer cortex does not collapse in this 
way and in the later stages of contraction the stele becomes greatly dis- 
torted, which shows that the tissue immediately surrounding it cannot be 
actively contracting and so longitudinally taut. According to Smith's 
account it seems that there may be two phases of contraction, the first, dur- 
ing which the stele remains straight, brought about in the ordinary way by 
growth contraction of the cortex while the root is still swelling ; the second, 
after swelling is complete, involving the distortion of the stele and progres- 
sive collapse of transverse zones of the cortex. 

The alternation of turgid w'ith collapsing transverse zones parallels in 
so remarkable a w'ay the phenomena described by the writer for the 
Dicotyledon, Oxalis incarnata (9), that it seems worth while to draw atten- 
tion to the similarity and to suggest that the explanation offered of the 
mechanism of the one may be applicable to the other. 

Smith's explanation of the later phase of contraction is not convinc- 
ing. He appears to attribute it to the distortion of the stele in consequence 
of the unequal distribution around it of turgid growing cells exerting on 
it unequal lateral pulls. The turgid layers, owing to the loss of turgor of 
layers above and below, are released from vertical pressure, round off and 
so diminish their transverse dimensions and pull on the stele. If this were 
the explanation the stele would be under longitudinal tension. Transverse 
components of this tension would be borne by the turgid tissue pulling on 
the convexities of the stele. If, however, the stele is compressed during 
the first phase of contraction, it is less likely to offer resistance to extension. 
Besides, a glance at the violence of its distortion makes it impossible to re- 
gard it as a taut cord. Smith refers to the tearing of the tissue just out- 
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side the stele and states that it is mostly the collapsed cells that are torn 
loose. His fig. 7, however, shows that tearing is not confined to them. 

The salient facts for an understanding of the mechanics of the situation 
are the following: (1) The stele is being distorted under longitudinal com- 
pression: the tearing of the inner cortex seems adequately accounted for as 
consequential upon this distortion. (2) The turgid transverse layers 
“round off again, increasing somewhat in length and decreasing in their 
radial and tangential measurements. Thus from this stage on, as the root 
contracts, the diameter of the root as a whole decreases.’’ That is, the 
volume of the root is diminishing by longitudinal and to a smaller extent 
by transverse contraction, so that sap must be passing out of it — mainly 
it is clear, from the collapsing cells. 

The parallel with Oxalis incarnata is very close. In both cases the con- 
traction overcomes the resistance of a central core, including lignified ele- 
ments, which yields by violent distortion. In neither can any tissue be 
found which has the continuity essential to an active contractile tissue, 
which must be capable itself of bearing longitudinal strain. In both cases 
transverse zones of collapsing tissue determine that the diminution of 
volume shall affect mainly the length of the organ, while intervening turgid 
zones prevent transverse collapse. 

The explanation of the contraction thus turns on the evacuation of the 
collapsing cells. (Cf. 9, pp. 575-576.) If these cells lose their protoplasm, 
as they do in Oxalis incarnata, and no longer retain their solutes, the ex- 
istence of a w^ater-deficit elsewhere in the plant will lead to a withdrawal 
of their water. In a transpiring plant this is the normal condition. Very 
rarely can the cells of land plants be fully turgid. The maintenance of the 
transpiration stream ordinarily involves the maintenance of a gradient of 
water deficit and a gradient of suction pressure ( 1 , 3 , 7 , 10 , 11 , 12 ). 

If now we imagine that a living cell in equilibrium with its neighbors, 
i,e, with equal suction pressure (10), is replaced by a cell-wall full of pure 
water, the equilibrium is disturbed. The wall of this cell will not be os- 
motically distended; the osmotic pressure of the contained liquid is nil; 
the suction pressure, the measure of its power to absorb or retain water, is 
zero. It will yield water, therefore, to the neighboring cells. The limit- 
ing conditions can be best understood by considering first a simplified case 
of one such dead cell in contact with one living cell. (We will suppose 
that they are protected from evaporation.) 

Directly or indirectly, the pressure of the atmosphere acts upon them. 
The pressures are therefore 

in the living cell, 1: 

osmotic pressure of cell sap, P,; 

hydrostatic pressure of cell sap, H,, which balances the sum of the 
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wall pressure, Wj, and 
atmospheric pressure, A. 
m the dead cell, d: 

osmotic pressure of the liquid, Pd==0 
hydrostatic pressure, Hd = A, since 
wall pressure, Wd = 0. 

The pressure determining the passage of water from the dead into the 
living cell will be the difference between Pi - Hi = Pi - Wi - A and Pa - Ha 
= 0~A, i,e. Pi~Wi, which is the suction pressure of the living cell, as 
ordinarily defined (Si). 

Water will be withdrawn, therefore, till Wi=?Pi, i,e. till the living cell 
is fully turgid, unless resistance is offered to the consequent diminution of 
its volume by the wall of the dead ceU. In the latter case the diminishing 
volume of water pulls upon the walls. Strictly speaking, the first effect is 
a reduction of the hydrostatic pressure of the water below atmospheric 
pressure, the water menisci are pushed back into the wall by the atmos- 
pheric pressure, an increasing share of which is, therefore, borne by the 
wall. If the wall were rigid it would come ultimately to support the whole 
of the atmospheric pressure acting on the outside of the cell. In the dead 
cell we should then have Ha = 0 ; Wa = - A. 

The pressure determining movement of water would be the difference 
between Pi~Wi~A, and Pa-Ha = 0; i.e, Pi-Wi-A, or Si -A. 

If the suction pressure of the living cell were greater than one atmos- 
phere the removal of water from the dead cell would continue, increasing 
the strain on the wall and bringing the water in it into a state of tension, 
so that Wa = --A + Ha where Ha is negative. Call the cohesion tension 
Ca = ~Ha. 

For equilibrium now between living and dead cells Pi - Hi = Pa -Ha, 
i,e, Pi-Wi-A = 0-Ha = Ca, or Si = Ca + A. 

The significance of this is, that if a cell loses protoplasm and solutes it 
will retain its w^ater and resist collapse only if its wall is capable of with- 
standing a pressure difference, acting inwards, equivalent to the suction 
pressure of the neighboring cells. Actually, this pressure, up to the value 
of an atmosphere, is the external pressure of the atmosphere unbalanced 
by an equivalent hydrostatic pressure within the cell; beyond one atmos- 
phere it is atmospheric pressure acting outside together with a cohesion 
tension pulling on the inside. 

If the dead cell contains, not water, but a solution, as at first it prob- 
ably does, Pd is not zero and the equations require modification accord- 
ingly. An important difference between dead and living cells is then that 
the former (assuming the wall completely permeable to the solutes) will 
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not be turgid and the full osmotic pressure of its sap will be active, unbal- 
anced by any turgor pressure. Equilibrium would require that Si =Pd. 

Clearly, therefore, before the dead cell reaches a state of complete col- 
lapse the solutes must be completely removed. 

Applying these considerations to the contractile root of Brodiaea lactea, 
we conclude that the progressive collapse of the yielding layers requires the 
progressive removal of their sap solutes. The withdrawal of water follows 
so long as the plant is not fully turgid. In so far as the tissues of the root 
are continuous and free from air-spaces, the pressure differences and, ulti- 
mately, cohesion tension will not act directly on the w’alls of the collapsing 
cells themselves but on the surfaces of the root (external or internal) in 
contact with the air. As Dixon has emphasized by reference to a model 
recently (1), a water deficit acts throughout the plant as if a reduced pres- 
sure or a tension were acting on all its surfaces, tending to compress the 
plant. Living cells withstand the pressure osmotically and their suction 
pressure is a measure of the compressing force they have to withstand. 
Dead cells, with permeable membranes allowing the escape of their solutes, 
or having yielded their solutes before death, can only avoid collapse in so 
far as their walls are rigid enough to withstand the compression or are 
protected by other structures taking the mechanical strain. In the case 
under consideration, the periderm and the stele are such structures offer- 
ing resistance to longitudinal compression ; and in proportion as the walls 
of the collapsing cells are weak, these tissues are left to bear the brunt of 
the compressing force. 

The limits to the actual magnitude of this force in any particular case 
will depend upon the water balance of the plant when contraction is taking 
place. There is no reason to doubt its adequacy to produce all the defor- 
mations observed, seeing that it has generally to be measured in atmos- 
pheres. Although the experimental difficulties would be considerable, it 
should be possible to measure the force of contraction directly ; but so far 
it seems that no one has made the attempt. 

Summary 

It is suggested that the explanation already offered of the mechanism 
of the contractile roots of Oxalis incarnata is also applicable to those of 
Brodiaea lactea. In both, transverse zones of cells collapse, and there is 
no tissue showing the continuity essential to an effective contractile tissue. 
The forces which bring about the ascent of sap are adequate to contract a 
root showing the features common to the roots of these two plants. 

Department or Botany, 

University College or North Wales, 

Bangor, Gt. Britain. 
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THE SENSITIVITY OP BED CLOVER (TBIFOLWM PRATEN8E) 
TO SMALL AMOUNTS OP BORON AND MANGANESE" 

(with one piqubb) 

In these brief notes attention is drawn to the extreme sensitivity of red 
clover {Trifolium pratense) to the omission of small amounts of boron and 
manganese where the plants are grown in distilled water culture solutions. 

Many experiments of this nature have already been carried out by 
several workers both in this country and abroad. In many cases however 
depression in growth through lack of boron has not been obtained until the 
chemicals involved in the culture solution have been carefully purified so 

TABLE I 

Dev weights or bed clovee cultuees oeown in solutions to which vaeying 

AMOUNTS or BOEON AND MANGANESE WEEE ABOED 


("IXTURE SERIES 

I 

n 

III 

Treatment 

Tops 

Boots 

Tops 

Boots 

Tops 

Boots 


gm. 

gni. 

gm. 

gm. 

gin. 

gm. 

Distilled water alone 

0.706 

0.196 

0.870 

0.350 

0.617 

0.183 

Ppm, 

Boron, 1,0 

0.726 

0.203 

0.976 

0.346 

i 0.937 

0.313 

2.5 

0.736 

0.196 

0,963 

0.300 



5.0 

0.736 

0.200 

1.010 

0.336 

1 0.620 

0.187 

10.0 

0.716 

0.186 

1 


0.463 

1 

0.110 

Manganese, 1,0 

0.723 

0.210 



1.367 

0.517 

2.5 

0,733 

0.190 






5.0 

0.660 

0.183 

. 


1.220 

0.407 

10.0 

0.663 

0.186 

. ... 


0.880 

0.290 

Boron, 1 .0 ) 

Manganese, 1 .0 ) 

0.763 

0.206 




1.407 

1 

0.550 

Boron, 2.5 1 

Manganese, 2.5 ) 

0.756 

0.193 

1 




Boron, 5,0 i 

Manganese, 5.0 ) 

0.630 

0.173 




0.917 

0.247 

Tap water 

0.776 

0,230 

1,206 

0.408 

1.090 

0.847 


I Contribution no. 408 of the Bhode Island Agrieultural Experiment Station. 
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as to be practically boron-free. No such precautions were taken with the 
cultures here reported. 

While carrying out experiments to determine the nutrient requirements 
of redtop, Rhode Island bent grass, fescue and red clover, cultures were used 
with both tap and distilled water. With the grasses above mentioned, 
growth was uniformly good in both media. The growth of red clover, how- 
ever, was distinctly depressed in the distilled water cultures. Sommer and 
Sorokin* have shown distinct morphological characteristics accompanying 
the lack of boron with Pisum sativum. As the gross root development 
was not normal the addition of small quantities of boron to the culture 
solution was indicated. Accompanying the depressed root development 
was a marked lighter color of leaves which might be considered as a form 
of incipient chlorosis. From previous work at this station and elsewhere a 
lack of manganese has been linked with chlorotic conditions. Boron was 
therefore added to the distilled water cultures in varying quantities, sodium 



Distilled 
HjO plus 
nutrient 


1 ppm. 1 ppm. 1 ppm. Tap H-^O 
boron manganese boron, plus 

plus plus 1 ppm. nutrient 

nutrient nutrient manganese 

plus 

nutrient 


Fig. 1. Effect on the growth in culture solution of red clover (Tri folium prate nse) of 
the addition of small amounts of boron and manganese. 


2 Sommer, A. L., and Sorokin, Helen. Effects of the absence of boron and of 
some otlier essential elements on the cell and tissue structure of the root tips of Pimm 
mtivum. Plant Physiol. 3: 237-254. 1928. 
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borate being used. Manganese in the form of the sulphate was also sup- 
plied. 

Table I gives the dry-weight yields of cultures with the various treat- 
ments used. The cultures were grown in triplicate and three series of 
cultures were grown at different times of the year. It will be noted that 
the yields of both tops and roots were increased by 1 part per million of 
boron ; 2.5 parts per million of manganese, and a combination of boron 1 
part per million and manganese 1 part per million. Greater amounts of 
these elements tended to depress growth. Prom figure 1 a visual com- 
parison of the cultures may be obtained. It would therefore seem that the 
following two conclusions may be drawn. 

1. When compared with certain grasses red clover, when grown in solu- 
tion cultures, is much more sensitive to the absence of small amounts of 
boron and manganese. 

2. Small amounts of boron and manganese when added to distilled water 
solutions tend to bring about increased root and top growth with red 
clover. — B. E. Gilbert and P. R. Pembbr, Rhode Island Agricultural 
Experiment Station, 

OBSERVATIONS ON THE RED COLOR OP THE BLOOD ORANGE 

(with one figure) 

Wheldale^ makes the statement that anthocyanins are absent from 
(dtrus fruits ‘‘except in the red-fleshed variety, the so-caUed ‘Blood 
Orange.’ ” She does not, however, give any experimental observations. 
The writer wishes to report the occurrence of the pigment in the fruit in 
crystalline form as well as to report some observations on the clear filtered 
juice. 

The filtered juice has a pink to red color depending on the amount of 
pigment present. When acid (citric or hydrochloric) is added it turns to 
a deep pink or rose pink. The red pigment is not extracted from the juice 
by chloroform or ether. Ethyl acetate and amyl alcohol remove some of 
the red coloring matter. Sodium hydroxide changes the color to an emer- 
ald green. Lead carbonate and lead acetate produce a yellowish-green 
precipitate. The red color disappears when the juice is treated with zinc 
dust and hydrochloric acid but returns when the treated juice is allowed 
to stand. 

Microscopic observation of the crushed juice sacs showed spherites or 
needle crystals of a deep red to reddish-brown color. One large group of 
crystals was blue-red, that is, about half way between a pure blue and a 

1 Wheldale, M. The anthocyanin pigments of plants, footnote 1, p. 27, Cambridge, 
1216. 
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pure red. A typical group of crystals is shown in the accompanying pho- 
tomicrograph (fig. 1). Globules of red solution were also present, probably 



Pig. 1. Anthooymi crystals, x 110. 


held in separate cells of the juice sac. In one case long red needle-like 
crystals were found adjacent to a lump of deep red material. The red 
globules of solution and the crystalline material became clear blue when a 
drop of ammonium hydroxide was allowed to flow under the coverslip. — 
M. B. Matlack, Food Besearch Division, Bureau of Chemisfry and Soils, 
V. S. Department of Agriculture, 
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Annual Meeting. — The annual meeting of the American Society of 
Plant Physiologists at New Orleans during the week of December 28, 1931- 
January 2, 1932, should be largely attended. Meetings in the far'south are 
rare. Not since 1904 has New Orleans been host to the scientific associa- 
tions of America. Only twice during this long period have meetings been 
lield south of Washington, D. C. : Atlanta in 1913, and Nashville, 1927. At 
Atlanta the weather was uncomfortably cold during the entire meeting. 
The Nashville meeting was memorable for the fine weather during the meet- 
ings, and the blizzard on the way home to all points north. New Orleans 
should provide an ideal setting for winter-time meetings, and visitors to 
that city will find much of historical, architectural, and social interest in 
addition to the scientific value of the meetings. 

Members will have opportunity to offer papers to the program com- 
mittee at an early date. Papers to be read by title only are not desirable 
for such meetings, and authors offering papers are urged to present them 
in person. A prompt response to requests for titles is always appreciated 
by the committee in charge of the program. 

The headquarters for the meetings of the American Society of Plant 
Physiologists are in the St. Charles Hotel, New Orleans. Early reservation 
by those who are planning to attend will prevent disappointment in secur- 
ing accommodations. 

Life Membership Committee. — ^President Tottingham has named the 
committee for the Charles Beid Barnes life membership award, which is 
to be made at New Orleans. The personnel of the committee is as follows : 
Dr. R. H. Carr, Purdue University, chairman; Dr. B. E. Gilbert, Rhode 
Island Agr. Exp. Sta. ; Dr. E. M. Harvet, U. S. Dept. Agr., Pomona, Calif. ; 
Dr. W. D. Kimbrough, University of Louisiana ; Dr. W. J. Crist, Michigan 
State College. The announcement of the award has usually been made at 
the banquet held during the annual meeting. 

Reprints. — The policy of Plant Phtsiologt with reference to free 
reprints may need clarification or at least restatement. In order to obtain 
free reprints the author must place an order for reprints for which he 
expects to pay. Against this order the first costs of making them up are 
assessed. In addition to this order, we then have made up fifty reprints 
without covers and include them in the shipment with no additional charge. 
If for instance an author wants 150 reprints without covers, he can place 
his order for 100, and wfll receive 150. If he places an order for 150, he 
will receive 200, etc. The author should take into consideration the reprints 
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furnished free when ordering. No reprints are made up if the author 
places no order for them. 

Costs of Publication. — Members of the Society will be interested in the 
three items of cost involved in the production and distribution of the official 
journal, Plant Physiology. Intelligent interest in these costs might assist 
in bringing about more economical publication; at least, certain items of 
cost could be reduced if members took an active interest in these matters. 
The figures for the eTanuary, 1931, and Jul 3 % 1931 issues are as follows : 

Januarr July 

Printing (including covers, and corrections) . . 940.58 939.87 

Engravings 170.27 138.97 

Distribution costs (postage, wrapping, stencils) 39.91 43.65 

Total $1,150.76 $1,122.49 

These figures do not include the cost of separates presented to the authors, 
of papers, but otherwise represent the entire cost to the Hocietj- of an 
edition of 1,000 copies of each number. 

Specific attention is directed to the matter of corrections, included in 
the bill for printing costs. These cost from $15.00 to $40.00 per issue. 
The loss from this item cannot be eliminated entirely", but it can be reduced. 
It results mainly from the practice of certain authors who insist on re- 
writing their papers in galley proof. This is of course an absolutely 
illegitimate practice. The oversupply of papers from which nearly all 
journals suffer would be reduced somewhat if authors who take these 
illegitimate liberties would hold their papers long enough to perfect them 
before submitting them. In linotype printing, change of a letter involves 
resetting a whole line. Insertion of a word or phrase maj’ require reset- 
ting of several lines, or a whole paragraph. For these changes the treasurer 
must pay. As the thoughtlessness of authors toward the problems of pub- 
lication is so wide spread, we solicit earnest cooperation to stop the leaks in 
our printing costs. 

Size of Manuscripts. — Plant Physiology since March 1931 has had a 
definite surplus of publishable material. The editorial board has been 
averse to setting a size limit to papers offered for publication, but it is just 
inevitable that some policj" must be adopted to control the size of the annual 
volumes of the journal. The American Society of Plant Phj^siologists is 
giving to its members and subscribers more literature per year than almost 
any other society of its age has ever offered. For example, no volume of 
the American Journal of Botany before 1929, the 16th volume of that 
journal, has contained as many pages as this, our 6th volume. Similar com- 
parisons can be made with other journals. Phytopathology, Ecology, Jour- 
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iial of the American Society of Agronomy, etc. A very generous amount 
of space has been used, and yet it is impossible to publish acceptable manu- 
scripts as fast as they are received. 

To meet the situation a tentative method of control is being adopted 
which is intended first of all to discourage long papers, and secondly to 
control the size of the annual volume. We hope it vdll meet the approval 
of the general membership, and the editor would like an expression from 
a wide circle, either of approval or disapproval. The size of papers will 
not be limited arbitrarily, although size alone may determine the rejection 
of otherwise suitable papers. But the number of long papers (i.e., exceed- 
ing 30 printed pages) used in each volume must be strictly limited for each 
volume. By experience in 1931 it has been found impossible to use more 
than three long papers during the year. The tentative proposal, therefore, 
is to include not more than one long paper in each of the first three issues 
of the year, and to make up the final number solely of shorter papers, and 
to limit the size of the volume to fit the income of the Society from mem- 
berships and subscriptions. The lengthy papers will be placed in a separate 
series from the shorter ones, and used in chronological order. The editor 
now has on hand about six of these long papers. Authors should guide 
themselves accordingly. Scrutiny of long papers reveals the fact that some 
of them could have been improved considerably by condensation. Comment 
on this proposed plan is desired by the editorial board, and will be grate- 
fully considered. 

Errata. — A number of errors have been detected in the pages of Plant 
Physiology after publication. These have been listed at the close of the 
table of contents. We suggest that these errors be corrected at the places 
where they occur, to prevent future misinterpretation. The editor is grate- 
ful to the authors w’ho assisted in preparing the list, and such cooperation 
is invited on the part of anyone finding mistakes in the journal. 

Portraits. — A complete set of the 13 portraits published in Plant- 
Physiology during the last several years may be obtained for $1.45, post- 
paid. In broken lots, send 12 cents in stamps for each portrait desired. 
They are suitable for offices, corridors, laboratories, libraries, etc., and 
stimulate interest in the historical development of science, particularly of 
plant physiology. Orders will receive prompt attention. Address the 
editor of Plant Physiology, University of Chicago. 

Principles of Plant Biochemistry. — This work is a publication from 
the University of Cambridge Press by Mrs. Muriel Wheldale Onslow, 
whose “Practical Plant Biochemistry,’’ and “Anthocyanin Pigments of 
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Plants’^ are well known among plant physiologists. The book is devoted 
particularly to the chemistry of the carbohydrates and proteins, and to 
respiration. The two carbohydrate chapters consider the family of sugars, 
and the cell wall and its modifications. The third chapter takes up oxi- 
dizing and reducing systems, the fourth and fifth chapters deal with pro- 
teins of plants and nitrogen metabolism, and the final chapter with respi- 
ration. Eleven literature lists accompany the main sections, and provide 
about 975 references. While these do not properly reflect the American 
contributions to plant biochemistry, they offer a good summary of progress 
made in Europe. The book is obtainable for $4.75, from the Macmillan 
Co., New York. 

Alkaloids. — The second edition of 6 . Trier’s great monograph, Die 
Alkaloide, has now been completed. The second volume has appeared this 
summer, the first having been printed in 1927. The volumes are paged 
consecutively, and contain 1,061 pages. The first 860 pages (Spezieller 
Teil) are occupied by accounts of I. the better known alkaloids, arranged 
in groups, aliphatic bases, aromatic bases, acid amides, urea derivatives, 
and heterocyclic bases of various types ; II. the less well known bases found 
in cryptogams and phanerogams, arranged by families in the Engler-Prantl 
order; and III. chemically little known bases of general distribution 
(ptomaines, vitamines, hormones, etc.). The second section, pp. 861-984 
(Allgemeiner Teil) deals with the problems of constitution and distribution 
of alkaloids, their biochemical and pharmacological significance, analysis 
and determination of constitution, etc. There is a supplement (Nachtrage), 
of 38 pages at the rear, a concluding discussion of tryptophane and the 
hypothesis of alkaloidal origin of blood- and leaf-pigments, an alphabetic 
list of the alkaloid-containing plant families (phanerogams only) and the 
index. The price, bound, is listed at 42 RM. Anyone desiring to order 
copies of this important monograph for personal or library use should have 
orders sent to Gebriider Bomtraeger, Schoneberger Ufer 12a, Berlin W 35, 
Germany. 

Fruit Culture. — The trend of interest in scientific plant production the 
world over is toward a physiological foundation for cultural practice. A 
new text-book emphasizes this trend. It is Fritz Kobel’s Lehrbuch des 
Obstbaus auf physiologischer Grundlage, from the press of J. Springer, 
Berlin. This interesting book presents first the general physiology of fruit 
trees, intake of water, transpiration and water transport, absorption and 
utilization of mineral nutrients, photosynthesis, storage and use of reserves, 
effects of low and high temperatures, and vegetative growth. 

The second section deals with blossom bud differentiation and growth, 
and the ways in which many environmental factors affect these processes. 
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Then the processes of fruit formation are considered, beginning with the 
opening of the flower, fertilization, and the normal fruit development fol- 
lowing this process, etc. Such problems as sterility receive much attention, 
parthenocarpy and apogamy are treated briefly, and the development of the 
fruit up to the ripe stage is depicted as a dynamic physiological process. 

The last two sections deal with the relations between vegetative growth, 
fruit bud differentiation, and fruiting behavior, and with fruit breeding 
for new varieties. The book frankly accepts the carbohj^drate-nitrogen rela- 
tion hypothesis as the basis of explanation of much of the physiological be- 
havior of fruit trees. It contains 274 pages of text, and is written in a^ 
style that will please those who are beginning to read and appreciate 
German scientific literature. It is recommended not only for its read- 
ability, but also for its solid value as a contribution toward physiological 
perspective in the plant sciences. The price is 16 EM. for unbound copies, 
or 18.4 EM. for cloth binding. Orders may be sent directly to Julius 
Springer, Linkstrasse 23-24, Berlin W 9, Germany. 

Physical Properties of the Soil . — A summary of the available knowl- 
edge concerning the physical propertites of the soil has been prepared by 
Dr. B. A. Keen, soil physicist of the Eothamsted Experimental Station. 
It is one of the Longmans, Green and Co. series of Eothamsted Monographs 
on Agricultural Science. The opening chapter is an historical introduction 
presenting the relations between the development of knowledge of soil 
physics and the development of the arts and implements of soil culture. 
Chapter II considers the methods of physical soil analysis, and chapter 
III the physics of distribution and water movement in the soil. Succeed- 
ing chapters discuss the properties of soils of low moisture content, soil 
and clay pastes, soil and clay suspensions, soil constants and equilibrium 
points, and physical properties of soils under field conditions. The final 
chapters deal with soil temperature and soil aeration. The literature of 
soil physics is cited freely, and the bibliography at the close cites more 
than 250 papers, ample justice being done to contributions from this side 
of the Atlantic. Many footnotes cite other pertinent papers. The price of 
the book is $8.00, and copies may be obtained from Longmans, Green and 
Co., New York. 

Chemical Plant Physiology. — Dr. S. Kostycuev's Chemische Physio- 
logic der Pflanzen, which was published in a German edition in 1926, 
has been translated by Dr. C. J. Lyon, of Dartmouth College. The value 
of a translation is usually determined by the accuracy of the translator, 
and the faithfulness with which the original work has been followed. In 
this case, however, Kostychev rewrote parts of the original especially 
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for this translated edition, and many changes will be found by one who 
compares the two. The chapter headings remain the same, and no changes 
have been made in the order of presentation. Editorial notes will be found 
among the foot-notes, with citations of literature pertinent to the discussion. 
Since many American students still do not make the eifort to read German 
fluently, the translation will be helpful and time-saving. On general prin- 
ciples we do not believe in the translation vogue, and would prefer to see 
the originals in use by American students. The price of the work is $6.00, 
and the publishers are P. Blakiston’s Son and Co., Philadelphia. 

Soil and Microbe. — An attractive account of the microbiology of soils 
has been written by Br. S. A. Waksman and R. L. Starkey, of Rutgers 
University. It is entitled ‘*The Soil and the Microbe.’^ There are ten 
chapters, the first of which is concerned mainly with the processes of soil 
formation and plant nutrients. Chapters II and III discuss the microbes 
of the soil, their distribution and activities, and chapter IV the microbic 
decomposition of organic substances in the soil. The next three chapters 
deal with the transformations of soil nitrogen and mineral substances 
through the direct or indirect activity of microorganisms. Chapter VIII 
takes up the interrelations of higher plants and soil organisms, root excre- 
tions, myeorrhizas, nodule formation by legumes, bacteriorrhizas, etc. 
Chapter IX considers the modification of soil populations by cultural prac- 
tices, and the last chapter summarizes the importance of microbes in soil 
fertility. A fairly comprehensive view of this field is presented, and the 
fundamental principles are set forth very clearly. The book is well illus- 
trated, and many tables of data are included to elucidate the discussion. 
Each chapter closes with a small bibliography, but without periodic litera- 
ture citations. The price of this useful book is $3.50, and copies may be 
secured from the publishers, John Wiley and Sons, New York. 

Handbook of Plant Nutrition. — The second volume of this work was 
noticed in the April, 1931 number of Plant Physiology. We have now 
received the first volume, Pflanzenernahrung, and it is a worthy companion 
to the preceding one. It contains 945 pages, and the ten chapters have 
the following titles: History of the development of plant nutrition; con- 
stituents and composition of the plant body; the cycle of substances in na- 
ture; the physiology of metabolism of plants; the soil as the habitat and 
nutrient reservoir for plants ; the law of yield ; water culture and growth 
experiments; field experiments; evaluation of fertilizer experiments; and 
determination of the nutritive deficiencies of the soil. Both volumes are 
well illustrated, and carry many literature citations at the ends of the 
various sections. It impresses one as a work of great value for scientific 
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workers, and for agriculturists who are interested in scientific plant culture. 
The editor of the volumes, Dr. F. Honcamp, of Rostock, and the publishers, 
J. Springer, Linkstrasse No. 23-24, Berlin W 9, deserve the congratulations 
and thanks of all plant science investigators for this great contribution to 
plant nutrition and fertilizer science literature. The price of volume I un- 
bound is RM. 93, bound RM. 96.8 ; and of volume II unbound is RM. 86, 
bound RM. 89.8. Orders maj' be sent directly to the publishers, in Berlin. 

Plant Analysis. — The first volume of a four-volume Handbueh der 
Pflanzenanalyse has been published by J. Springer, I, Schottengasse 4, 
Vienna. The author, or editor, is G. Klein, each section being prepared 
by someone familiar with that particular phase of anal}i;ical work. This 
volume is mainly given over to general chemical and physical methods, 
rather than to systematic examination of plant tissues for their constituents. 
Such matters as the testing of reagents for puritj', weighing, heating and 
cooling of materials, drying, recrystallization, filtering, centrifuging, di- 
alysis, solubility separations, distillation and sublimation, occupy the first, 
several chapters. Determination of elements, detection of radicals and 
groups by their characteristic reactions, gravimetric and volumetric pro- 
cedures, histochemical methods, specific gravity, melting and boiling points, 
solubility, viscosity, and molecular weight determinations follow. Then 
come chapters which give methods for optical examination of materials, 
polarization, refractometry, interferometry, spectroscopy, spectrophotom- 
etry, colorimetry, etc., fiuorometry, fluorescence, ultramicroscopy, and pho- 
tochemical analysis. Other sections deal with electrical conductivitj”, elec- 
trometric and colorimetric determinations of hydrogen-ion concentration, 
and colorimetry. The closing sections deal with general procedures in 
chemical analyses, which will be continued in the second volume. 

It is evident that the work covers a very wide range of methods, and 
that it will be a useful handbook for everyone who has to examine plant 
materials in any way whatever. The first volume contains 627 pages, and 
323 figures. The price quoted for this volume is RM. 66 in paper cover, 
or RM. 69 bound in cloth. Orders for the complete work can be filed with 
the publisher, but the cost of the three unpublished volumes has not been 
stated. Libraries and research laboratories will find the work an indis- 
pensable aid in analytical work of all kinds. 
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